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A  continuous  record  of  coarse  material  bedload  transport  was  obtained  for  an 
entire  snowmelt  high  flow  at  Squaw  Creek,  a  gravel-bed  mountain  stream  in  Mon- 
tana. The  measuring  principle,  the  Magnetic  Tracer  Technique,  makes  use  of 
naturally  magnetic  rocks  (andesites)  which  induce  a  voltage  peak  as  they  pass  over 
a  detector  log  installed  across  the  channel  bottom.  Signal  rates  were  counted  for 
1-hour  and  5-minute  intervals  and  yielded  a  17-day  and  a  3-day  time  series.  Bed- 
load  transport  exhibits  recurring  wave  patterns  and  disintegrates  into  fluctuating 
and  pulsating  transport  features  as  the  temporal  resolution  is  increased.  The  wide 
scatter  in  the  relationship  between  bedload  transport  and  discharge  indicates  that 
other  parameters  than  flow  affect  bedload  transport  as  well. 

Series  of  bedload  samples  were  taken  during  nightly  flood  waves  with  a  large 
net-sampler.  Its  wide  (0.3  m  by  1.55  m)  opening  could  representatively  sample  all 
coarse  particles,  but  the  1  cm  mesh  width  let  all  smaller  particles  pass.  Bedload 
transport  rates  varied  with  time  and  grain-size  distributions  were  either  wide  and 
symmetrical,  or  narrow  and  skewed  due  to  truncation  of  the  coarse,  or  the  fine 
part.  Particle  transport  rates  proved  to  be  a  better  means  of  grain-size  analysis  for 
these  gravel  samples  than  standard  procedures  of  grain-size  analyses. 

Water  surface  slope  was  measured  over  a  riffle  area  between  two  points  17.3  m 
apart.  The  temporal  variation  of  water  surface  slope  during  nightly  flood  waves 
seems  to  indicate  the  dislocation  of  bedload  on  the  channel  bottom.  Together  with 
information  regarding  the  change  of  the  channel  bottom  micro  topography,  veloc- 
ity profiles,  and  bedload  transport,  a  conceptual  model  was  derived  that  explains 
temporally  variable  amounts  and  grain-size  compositions  of  gravel  transport. 

Combining  results  from  various  approaches  of  this  study,  bedload  transport 
could  be  explained  as  adjustment  processes  between  the  sedimentary  conditions  of 
the  river  bed  and  the  hydraulics  of  flow.  Given  the  conditions  of  ordinary  snow- 
melt  high  flows  which  are  typically  supply-limited,  bedload  waves  cannot  result 
from  migrating  bedload  sheets  at  Squaw  Creek.  Grain-size  spectra  that  coarsen  and 
widen  with  flow  during  typical  snowmelt  discharges  indicate  that  bedload  trans- 
port occurs  size-selective.  Equal  mobility  would  only  be  reached  during  enormous 
events  at  Squaw  Creek. 
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Preface 


This  study  is  based  on  the  research  project 
"Magnetic  Pebbles"  provided  to  Professor 
Ergenzinger  by  the  German  Research  Council.1  I 
have  been  employed  in  this  project  as  a  research 
assistant  from  summer  of  1985  until  spring  of 
1988.  The  aims  of  the  project  were  the  further 
development  of  the  magnetic  tracer  technique,  its 
application  to  field  measurements  of  bedload 
transport,  and  the  investigation  of  bedload 
transport.  Field  work  was  carried  out  during 
snowmelt  high  flows  in  1986  and  1987  at  Squaw 
Creek  in  Montana  (USA).  After  funding  had 
stopped  in  the  spring  of  1988,  field  work  in  1988 
and  1989  was  continued  with  the  help  and 
support  of  friends. 

The  hydrological  and  petrological  conditions 
of  the  Squaw  Creek  watershed  were  the  most  im- 
portant factors  for  choosing  the  measuring  site. 
Snowmelt  high  flows  that  can  move  coarse  bed 
material  occur  between  mid  May  and  late  June 
with  a  recurrence  interval  of  1.5  years.  The  other 
reason  stems  from  the  geology  of  the  catchment: 
2/3  of  the  watershed  are  underlain  by  andesite 
that  contains  magnetite.  These  rocks  can  serve  as 
natural  tracers  and  are  appropriate  to  aid  the  fur- 
ther development  of  a  measuring  technique  for 
coarse  bedload  thought  out  and  implemented  by 
Ergenzinger  (1982),  Ergenzinger  and  Conrady 
(1983),  and  Ergenzinger  and  Custer  (1982, 1983). 

Last,  but  not  least,  good  conditions  for  install- 


ing a  measuring  site  and  its  easy  accessibility  as 
well  as  the  friendly  support  of  the  project  by  insti- 
tutes and  persons  in  Montana  played  an  impor- 
tant role  in  selecting  the  measurement  site.  Stud- 
ies of  pebble  and  cobble  bedload  transport  have 
been  carried  out  at  Squaw  Creek,  with  varying 
intensity,  since  1981. 

In  the  beginning  of  this  study  there  was  no 
particular  path  leading  to  a  distant  goal.  Some  re- 
sults came  up  without  ever  having  searched  for 
them.  Many  results  grew  from  a  steady  but  open- 
minded  pursuit  and  some  results  for  which  I 
searched  I  never  found. 

Much  of  this  study  was  determined  by  factual 
circumstances.  Apart  from  financial  limitations, 
the  continuation  of  my  work  depended  on 
whether  a  sufficiently  large  high  flow  would  oc- 
cur and  whether  I  would  find  people  who  would 
help  me  with  field  work  that  would  get  tough  at 
times.  It  was  not  possible  to  measure  all  desirable 
data.  Instruments  broke  down  during  the  nightly 
measuring  campaigns  in  a  roaring  Squaw  Creek, 
or  the  measurements  simply  exceeded  human 
strength.  These  factualities  lead  to  some  limita- 
tions in  this  study.  However,  having  the  opportu- 
nity to  work  at  a  mountain  stream  in  Montana 
(USA)  for  several  years  made  it  possible  to  learn 
from  previous  results  and  keep  final  goals  flex- 
ible. It  also  gave  me  the  opportunity  to  get  to 
know  a  beautiful  land  and  its  lovely  people. 


'  Deutsche  Forschungsgemeinschaft,  DFG. 
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Preface  to  the  English  Translation 


This  text  is  a  translation  of  a  doctoral  thesis 
that  was  prepared  under  the  guidance  of  Profes- 
sor Peter  Ergenzinger  and  submitted  in  partial 
fulfillment  of  the  requirements  of  a  doctoral  de- 
gree at  the  Freie  Universitat  Berlin  in  January 
1991.  Prof.  H.  Ibbeken  from  the  Department  of  Ge- 
ology at  the  Freie  Universitat  Berlin  was  the  sec- 
ond graduate  advisory  professor.  The  field  work 
for  this  thesis  was  carried  out  at  Squaw  Creek,  a 
mountain  stream  in  Montana,  in  cooperation  with 
Professor  Steve  G.  Custer  from  Montana  State 
University  in  Bozeman. 

I  would  like  to  express  my  thanks  to  the  U.S. 
Forest  Service  Rocky  Mountain  Forest  and  Range 
Experiment  Station,  Stream  Systems  Technology 
Center  in  Fort  Collins  who  gave  me  the  opportu- 
nity to  translate  my  doctoral  thesis,  which  was 
originally  written  in  German,  into  English.  Hav- 
ing an  English  version  of  my  dissertation  allows 
me  to  reach  a  much  wider  audience.  I  hope  that 
the  reader  in  the  United  States  will  find  informa- 
tion in  this  thesis  that  is  useful  to  the  study  of 
current  issues  of  bedload  transport  phenomena  in 
this  country. 

Most  of  this  thesis  was  originally  written  in 
1989  and  1990.  Literature  published  after  1990  has 
only  been  incorporated  when  I  had  a  prepub- 
lished  manuscript.  The  English  translation  follows 
basically  the  original  text.  Any  substantial  addi- 
tions to  the  text  or  comments  hereof  are  given  in 
footnotes  or  are  identified  as  additions.  Research 
activities  that  went  on  at  Squaw  Creek  after  1989 
(1990-1992)  are  referenced  at  the  respective  loca- 
tions in  the  text  as  footnotes.  Literature  cited  in 
footnotes  is  included  in  the  list  of  references. 

I  would  like  to  inform  the  reader  that  the  con- 
cern about  cumulative  watershed  effects  (with  re- 
spect to  coarse  sediment)  following  forestry  man- 
agement in  mountainous  areas,  had  until  1990  not 
become  a  concern  in  Germany.  Temperate  climatic 
conditions,  generally  smaller  forested  areas  than 
in  the  U.S.,  frequent  small-scale  logging  opera- 
tions with  light  equipment,  a  300-year  tradition  in 
forest  management,  long-lasting  and  maintained 
logging  roads,  localized  harvest  rotations,  and 


single  tree  harvest  ("Plentern")  have  helped  to 
prevent  severe  present-day  sedimentary  effects  in 
the  stream  systems. 

Severe  sedimentary  cumulative  watershed  ef- 
fects will  certainly  have  occurred  after  initial  log- 
ging of  vast  areas  in  Central  Europe  during  Me- 
dieval times.  The  thicknesses  of  colluvial  deposits 
that  date  back  to  Medieval  times  are  often  re- 
ported to  reach  10  m,  while  several  meters  of  fine 
sediment  is  usually  deposited  on  the  floodplains 
of  small  and  large  streams  as  "Auelehm."  How- 
ever, both  the  colluvial  and  alluvial  material  is 
usually  fine  grained  (sand  and  smaller)  and  has 
become  an  integral  part  of  the  present  day  land- 
scape. 

Present  day  sedimentary  problems  occur  in 
some  steep  alpine  mountain  torrents  where 
slopes  have  been  destabilized  by  construction 
relating  to  ski-tourism  or  modern  trans-alpine 
highways.  These  sedimentary  problems  in  the 
creeks  are  often  controlled  by  check  dams  that 
are  excavated  when  filled.  The  erosional  prob- 
lems directly  on  the  impacted  slopes  (ski- 
runs,  trails,  etc.)  are  usually  more  difficult  to 
control. 

However,  cumulative  sedimentary  effects  may 
soon  become  an  issue  in  German  forestry,  since 
more  and  more  trees — and  even  entire  for- 
ests— are  dying  from  environmental  pollution 
(acid  rain-related  impacts  and  tree  diseases).  This 
requires  felling  of  the  diseased  trees  or,  in  severe 
cases,  clear-cutting  of  a  heavily  impacted 
stand — in  order  to  fight  pests  (pine  beetles,,  etc.) 
that  invade  the  dying  and  dead  trees  and  spread 
to  still  healthy  stands.  This  problem  is  especially 
prominent  on  westerly  facing  slopes  in  the  Ger- 
man Central  Mountains.  Reforestation  problems 
occur  where  former  forests  had  established  in  re- 
gions close  to  the  ecological  altitude  border  of  for- 
ests. If  the  forest  dying  cannot  be  controlled,  ma- 
jor deforestation  will  occur,  followed  by  many  of 
the  consequences  observable  in  other  deforested 
parts  of  the  world. 

—Ft.  Collins,  August  1994 
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List  of  Notations,  Abbreviations,  and  Units 


A  cross-sectional  area  m2 

Cs  suspended  bedload  concentration  g/1,  kg/m3 

C  Chezy  roughness  coefficient  (yl(R  S)I/2)  m1/2/s 

d  flow  depth  m 

D  grain  size  mm 

Dx  xth  percentile  of  the  cumulative  grain-size  distribution  mm 

/  Darcy-Weisbach  friction  factor  {ISg-RSIv3) 

F  resulting  force  kg/m-s2;  N/m2 

Fd  drag  force  kg/m-s2;  N/m2 

Ff  force  of  friction  kg/m-s2;  N/m2 

Fl  lift  force  kg/m-s2;  N/m2 

Fw  gravity  kg/m-s2;  N/m2 

Froude  number  (vl(gd)1/2) 

Fr*  grain  Froude  number  (v*Vg-D),  equal  to  Shields  mobility  number  9 

g  acceleration  due  to  gravity  =  9.81  m/s2 

kS  the  larger  of  the  two  differences  of  three  neighboring  depths  readings  m 

n  Manning's  roughness  coefficient  ((R2*  -S1  )/v)  m"1/3/s 

Q  water  discharge  (v  d  w)  m3/s 

Qcnt  water  discharge  at  the  initiation  of  bedload  motion  m3/s 

q  unit  discharge  (Q/w)  m2/s 

Qb  bedload  transport  rate  kg/m-s 

r2  correlation  coefficient 

R  hydraulic  radius  (AIU)  m 

Re  Reynolds  number  (d  v/v) 

Re*  grain  Reynolds  number  (Z>v*/v) 

S  stream  gradient  m/m 

.S'h*  water  surface  slope  m/m 

t  time  s;  hr;  d;  a 

U  wetted  perimeter  m 

v  flow  velocity  m/s 

Vcm  flow  velocity  at  the  initiation  of  bedload  motion  m/s 

v*  shear  velocity  {tolp),/2  m/s 

w  flow  width  m 

x,  y  variables  any  unit 


a  angle  of  inclination 

P  pivot  angle 

8  increment 

s  eddy  viscosity 

<t>  grain-size  unit  =  -log2  D  (mm)  =  -3.322  log10  D  (mm) 

(fk  xth  percentile  of  the  cumulative  grain-size  distribution  in  ^-units 


n       dynamic  viscosity  N-s/m2 

v       kinematic  viscosity  (n/p)  m2/s 
6       Shields  mobility  number  (Tolps-pw)-g  D)  =  dimensionless  shear  stress 

=  grain  Froude  number 

ps      density  of  sediment  kg/m3 

pw     density  of  water  kg/m3 
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To  shear  stress  (p  g  d  S)  or  {dvldd(rj+s))  kg/rtrs2;  N/m2 

tent  shear  stress  at  the  initiation  of  bedload  motion  kg/m-s2;  N/m2 

To'  grain  shear  stress  kg/m-s2;  N/m2 

To"  form  shear  stress  (zb-ro')  kg/m-s2;  N/m2 

i?  stream  power  (Q  p  Sw)  kg/m-s 

/in*  stream  power  at  the  initiation  of  bedload  motion  kg/m-s 

<y  unit  stream  power  (Q/wp  Sw)  kg/s 


Metric  Units  and  Time 


g 

gram 

0.001  kg 

0.0353  ounces 

kg 

kilogram 

1,000  g 

2.205  pounds 

t 

metric  tonne 

1,000  kg 

1.103  tons 

mm 

millimeter 

0.001  m 

0.0394  inches 

cm 

centimeter 

0.01  m 

0.394  inches 

m 

meter 

3.281  feet 

1.094  yards 

km 

kilometer 

1,000  m 

0.621  miles 

m2 

square  meter 

10.764  ft2. 

1.197  square  yard 

ha 

hectare 

10,000  m2 

2.471  acres 

km2 

square  km 

100  ha 

0.386  square  miles 

1 

liter 

0.001  m3 

0.0353  cubic  feet 

m3 

cubic  meter 

1,000  1 

35.316  cubic  feet 

s 

second 

min 

minute 

hr 

hour 

°C 

degree  Celsius 

°F-(9/5)+32 
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1.  Introduction 


This  study  investigates  several  aspects  of 
coarse  bedload  transport  at  a  Rocky  Mountain 
stream. 

Before  actual  analyses  and  results  are  pre- 
sented, the  term  "coarse  bedload  transport"  needs 
to  be  clarified.  Also,  it  will  be  demonstrated  how 
the  stream  carrying  coarse  bedload  have  been  im- 
pacted by  man's  activities,  and  it  will  be  ex- 
plained why  it  is  important  to  investigate  coarse 
bedload  transport.  Finally,  the  introduction  will 
provide  a  short  review  of  past  and  present  re- 
search of  bedload  transport  and  point  to  future 
tasks  in  bedload  research. 


1.1  Explanation  of  "Coarse  Bedload 
Transport" 

Creeks  and  streams  leaving  watersheds 
through  the  valley  systems  transport  solid  materi- 
als out  of  mountain  areas.  This  fluvially  trans- 
ported solid  material  is  distinguished  with  respect 
to  their  modes  of  transport  into  suspended  trans- 
port (transport  of  suspended  matter)  and  bedload. 
Bedload  is  that  part  of  the  solid  matter  load  that  is 
transported  in  direct  and  indirect  contact  with  the 
channel  bed.  Regarding  the  mode  of  transport  and 
the  frequency  of  contact  with  the  stream  bottom, 
transport  can  occur  as  rolling,  sliding,  and  salta- 
tion. Strictly  speaking,  none  of  these  transport 
modes  is  associated  with,  or  confined  to,  a  par- 
ticular particle  size.  During  small  flows  only  the 
smallest  particles  move  by  rolling  or  sliding, 
while  during  large  flows  or  at  waterfalls  even  the 
largest  boulders  can  be  transported  in  suspension. 
Nevertheless,  it  seems  reasonable  to  differentiate 
bedload  transport  according  to  its  grain  sizes  into 


sand  transport  (which  can  frequently  change  its 
mode  of  transport)  and  coarse  bedload  transport. 
Due  to  the  limited  effects  of  grain-to-grain  interac- 
tions, the  transport  of  sand  in  sand  bedded 
streams  is  much  more  hydraulically  controlled 
and  predictable  from  flow  hydraulics  than  bed- 
load  transport  rates  in  streams  that  carry  coarse 
sediment.  These  streams  often  exhibit  broad 
grain-size  distributions  ranging  from  sand  to 
boulders.  Coarse  bedload  transport  refers  to  the 
fluvial  transport  of  particles  in  the  range  of  larger 
than  2  mm  up  to  boulders  that  experience  fre- 
quent contact  with  other  particles  on  the  channel 
bottom.  In  contrast  to  sand  transport,  which  can 
already  be  initiated  during  ordinary,  frequently 
occurring  stream  flows,  coarse  bedload  transport 
usually  is  limited  to  high  flow  situations,  which 
occur  less  frequently. 

1.2  Multiple  Use  of  Coarse  Bedload  Streams 

Coarse  gravel-bed  rivers  and  their  riparian  ar- 
eas have  been  affected  by  human  impacts  for  cen- 
turies. The  impacts  of  hydraulic  engineering  can 
be  summarized  in  these  main  points: 

•  regulating  stream  discharge, 

•  channelization  of  streams  in  their  long-  and 
cross-sectional  profiles, 

•  sediment  depletion  from  gravel  mining  and, 

•  sediment  addition  from  anthropogenic  de- 
bris dumping, 

•  stream  aggradation  following  agricultural, 
silvicultural  ,  recreational,  and  construc- 
tional impacts 

Agriculture,  vehicle  traffic,  housing  devel- 
opments, and  construction  extend  into  riparian 
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Stream  aggradation  due  to  increased  sediment  yields  following  reading  and  logging  is  not  a  major  issue  of  concern  in  Germany.  Forestry  roads 
have  been  put  in  many  decades  or  even  centuries  ago.  Clear-cutting  of  old  growth  forest  started  about  1,000  years  ago  with  the  widespread  onset  of 
agriculture  in  central  Europe  and  reached  its  largest  area/  extent  in  late  Medieval  and  Renaissance  times  (15th  to  16th  century).  Following  the  30-year 
war  (1618-1648)  and  the  great  European  plague,  declined  populations  allowed  forested  areas  to  grow  back  again.  Having  experienced  poor  agricultural 
performance  in  the  mountainous  areas  of  the  German  Central  Mountains  (geologically  old  mountainous  areas  reaching  up  to  about  1500m),  agriculture 
retreated  to  more  productive,  lower,  and  less  steep  areas,  while  cultivated  forests  took  its  place  in  the  higher  parts  of  the  watersheds. 

Increased  sediment  yield  in  mountain  torrents  due  to  roading,  clear-cutting,  and  tourist  uses  is  controlled  by  a  multitude  of  artificial  check  dams  which, 
if  possible,  are  emptied  when  filled.  Sedimentary  cumulative  watershed  effects  due  to  forestry  management  in  mountainous  areas  are  therefore  not  a 
major  concern  in  Germany.  However,  catastrophic  floods  can  occur,  destroying  check  dams  and  depositing  large  amounts  of  sediments  in  the  stream 
beds  (Schmidt  1994).  This  is  viewed  as  a  one-time  catastrophe.  The  river  bed  is  put  back  in  place  with  bulldozers  if  access  along  the  valley  is  needed. 

Since  logging  in  mountainous  areas  occurs  only  once  or  twice  per  century  and  seems  to  be  restricted  to  parts  of  a  watershed  only,  and  also  because 
logging  roads  are  already  in  place,  less  sediment  might  be  generated  by  silvicultural  activities  in  mountainous  areas  in  Germany  than  during  large-scale 
first-time  old-growth  logging  in  the  Pacific  Northwest.  The  largest  impacts  of  forestry  management  on  sediment  budgets  probably  already  happened 
during  Medieval  settlement  many  centuries  ago  and  are  by  now  indistinctly  overgrown  and  incorporated  into  the  present  landscape  as  ordinary  features. 
Besides,  fishing  in  mountain  streams  is  not  as  popular  in  Germany  as  it  is  in  the  U.S.  Therefore,  there  is  less  environmental  concern  about  the  destruction 
of  fish  habitat  in  mountain  streams  due  to  the  effects  of  silvicultural  activities  . 
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areas.  To  maintain  and  guarantee  the  undis- 
turbed usage  of  near-stream  areas,  stream  banks 
are  covered  with  rip  rap,  in  order  to  decrease 
channel  migration. 

Rip  rap,  check  dams,  river  dams,  and  weirs 
are  installed  in  order  to  decrease  the  kinetic  en- 
ergy of  flow  or  to  transform  this  energy  into  us- 
able energy,  respectively.  The  aim  of  flow  energy 
reduction  is  to  prevent  or  minimize  bedload 
movement  and  to  keep  the  stream  confined  to  its 
actual  bed  or  its  designed  channel.  The  flow  re- 
gime is  altered  in  many  watersheds.  For  example, 
water  is  diverted  in  mountain  streams  to  increase 
reservoir  storage  volumes  in  other  catchments  for 
use  in  irrigation.  Reservoirs  and  dams  are  used 
for  discharge  control  and  hydroelectric  purposes. 
They  are  expected  to  maintain  their  reservoir 
functions  as  long  as  possible.  Therefore,  sediment 
transport  is  reduced.  Water  discharge  is  main- 
tained at  relatively  even  levels,  which  discourages 
coarse  bedload  transport.  Streams  are  depleted  of 
coarse  sediment  downstream  of  reservoirs.  Last 
but  not  least,  sediment  transport  is  disturbed  by 
taking  gravel  out  of  the  streams  (gravel  mining, 
navigational  dredging)  or  by  disposing  of  debris 
by  dumping. 

Watersheds  are  no  longer  natural,  but  they  are 
impacted  in  various  ways.  Various  forms  of  agri- 
culture, local  clear-cutting,  the  dying  of  entire  for- 
ests due  to  environmental  pollution,  and  tourist 
uses  (especially  ski  areas)  lead  to  areal  and  linear 
erosion  of  fine  and  coarse  sediments,  which  then 
get  into  the  stream  system. 

These  watershed  impacts  often  severely  disturb 
the  water  and  sediment  budget  (Karl  et  al.  1975; 
Chang  1987;  Knighton  1989;  Macklin  1989).  Streams 
respond  to  these  sedimentary  and  hydraulic 
changes  with  cross-sectional  and  longitudinal 
changes.  Trying  to  reestablish  its  energy  budget,  the 
stream  changes  its  course,  and  its  bottom  grain  size 
(Lewin  1976)  incises  or  deposits  sediments  (Golz 
and  Droge  1989;  Scheurmann  1989;  Golz  1990). 
These  stream  responses  occur  both  in  anthropogeni- 
cally  altered  reaches  as  well  as  in  more  or  less  natu- 
ral reaches. 

Many  fish  species  need  a  habitat  that  com- 
prises a  variety  of  stream  conditions  to  find  food 


and  shelter  (open  gravel,  aerated  water  over  steps 
and  riffles,  pools  with  various  flow  velocities  in 
close  proximity,  shaded  banks,  boulders,  logs, 
overhanging  banks,  etc.).  Analysis  is  reduced  to 
determine  how  the  habitat  of  insects,  worms,  and 
fry  that  live  in  interstitial  spaces  are  affected  by  an 
impaired  sediment  budget  (Ohde  et  al.  1990; 
Rehfeld  1990)  and  especially  by  channel  erosion 
and  stream  bed  siltation  (Milhous  1982;  Carling 
and  Hurley  1987).  Decision-making  agencies  as 
well  as  the  operational  units  of  agencies  associ- 
ated with  hydraulic  engineering,  ecology,  biology, 
fluvial  geomorphology,  and  sedimentology  need 
to  understand  the  development  and  processes  of  a 
fluvial  landscape  and  incorporate  the  results  of 
bedload  transport  research  into  their  work. 

There  is  much  interest  regarding  the  usage  of 
coarse  gravel  streams.  It  is  generally  expected  that 
streams  at  all  times  and  in  all  locations,  regardless 
of  natural  events  of  anthropogenic  impacts,  "be- 
have well".  Measures  of  hydraulic  engineering 
only  partially  succeeded  in  satisfying  these  expec- 
tations (Geiger  1989;  Karl  1989),  because  river 
training  measures  often  lead  to  an  ugly  alteration 
of  the  stream  to  an  average  profile  that  streams  try 
to  adjust  or  modify  during  extreme  events.  Nei- 
ther hydraulic  engineering  nor  the  subject  of  earth 
sciences  has  acquired  a  sufficiently  detailed  and 
comprehensive  knowledge  of  the  various  proc- 
esses and  interactions  occurring  in  bedload  trans- 
port: "Until  presently  there  are  no  sufficiently  ex- 
act hydrologic  and  hydraulic  calculation  of  high 
flows  and  sediment  transport  events  including  de- 
bris flows,  so  that  with  respect  to  safety  construc- 
tion work  is  designed  conservatively.  This  might 
seem  barbaric  to  those  who  are  environmentally 
conscious,  at  least  as  long  as  they  are  not  them- 
selves affected  by  a  high  flow  in  a  mountain  tor- 
rent" 2  (Karl  1989:  465). 

Human  handling  of  the  stream  system  needs 
to  be  done  more  considerately  and  carried  out 
with  more  care  regarding  the  natural  equilibrium 
of  the  stream  system.  Some  of  the  recent  literature 
heads  in  this  direction  and  attempts  to  apply 
"river  bed  stabilization"3  (Golz  and  Dr6g|  1989) 
and  "integral  watershed  improvement"  (Karl 
1989).  The  larger  the  impacts  and  the  diversity  of 


2 

Translation  of  the  German  citation  "So  entziehen  sich  Hochwasserereignisse  und  Feststofftransporte  bis  hin  zu  Muren  bis  heute  ausreichend 
genauer  hydrologischer  und  hydraulischer  Berechnungen,  so  daf)  schon  aus  Sicherheitsgrunden  die  Bauwerke  groBzugig  bemessen  werden,  wenn 
auch  dies  manchem  Naturfreund  als  Barbarei  erscheinen  mag,  zumindest  er  sich  nicht  selbst  in  der  Lage  eines  von  einem  Wildbachhochwasser 
Betroffenen  befindet. " 

3 

Translation  of  the  German  citation  "Sohlstabilisierung" 
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watershed  and  stream  system  uses,  the  more  re- 
sponsibly water  and  sediment  budgets  have  to  be 
treated. 


1 .3  Development  of  Coarse  Bedload 
Transport  Research 

Researchers  in  central  Europe  started  to  meas- 
ure bedload  transport  using  bedload  samplers  in 
the  1930's  at  the  Danube  (Ehrenberger  1931)  and  at 
the  Inn  (Muhlhofer  1933).  Although  both  re- 
searchers already  noted  that  bedload  transport  is 
temporally  and  spatially  variable,  this  aspect  of 
bedload  transport  was  not  addressed  again  until 
the  1970's.  Most  of  the  earlier  research  interests 
were  focused  on  river  usage  and  river  training. 
The  development  of  suitable  bedload  transport 
measurement  techniques  was  not  a  primary  issue5. 

Also  during  the  1930's  Shields  (1936)  and  Ein- 
stein (1937)  started  to  publish  their  pioneering 
works  regarding  bedload  transport.  While  they 
were  working  on  investigating  the  details  of  the 
water-sediment  interactions,  other  researchers 
considered  bedload  transport  as  spatial  and  tem- 
poral averages.  Schoklitsch  (1934,  1962)  and 
Meyer-Peter  and  Miiller  (1948,  1949)  among  oth- 
ers developed  bedload  equations  that  were  based 
on  simple  hydraulic  and  sedimentological  pa- 
rameters or  on  index  numbers.  Although  it  is 
known  that  "A  universal  transport  equation  is  not 
and  may  never  be  available"  (Simons  and  Sentiirk 
1977:  644  and  1992:  695),  this  period  of  empirical 
bedload  equation  development  still  continues  to- 
day (Zanke  1989;  McDowell  1989).  Richards  (1982: 
112)  points  out  that  "formulae  are  applicable  to 
specific  environments  and  circumstances,  and  er- 
rors are  inevitable  when  they  are  used  beyond 
their  appropriate  range."  Nevertheless,  formulas 
are  not  even  available  to  reliably  predict  bedload 
transport  rates  for  one  stream  type  with  its  charac- 
teristic conditions  of  flow  and  sediments.  This  is 
partially  due  to  the  fact  that  various  forms  of  par- 
ticle interaction  are  not  incorporated  into  the 
equations,  but  what  is  even  more  neglected  in 
bedload  transport  prediction  are  the  interactions 
between  flow  and  sedimentary  conditions  on  the 


stream  bed,  sediment  availability,  and  stream  bed 
morphology. 

During  the  1970's,  research  of  bedload  trans- 
port began  to  change:  the  analyses  of  sedimento- 
logical processes  on  the  river  bed  received  more 
attention,  since  it  was  recognized  that  a  prediction 
of  bedload  transport  could  only  stem  from  a 
knowledge  of  the  processes  involved.  Predeces- 
sors of  this  development  were  Shields  (1950)  and 
Einstein  (1937,  1950)  who  incorporated  sedimen- 
tological processes  such  as  relative  roughness, 
hiding  and  exposure,  or  particle  step  lengths  into 
the  development  of  their  bedload  equations. 

The  progress  in  bedload  transport  research 
since  the  1980's  has  been  documented  in  the  pro- 
ceedings volumes  of  the  Gravel-Bed  Rivers 
group,  which  comes  together  each  five  years. 
The  1982  volume  "Gravel-Bed  Rivers,  Fluvial 
Processes,  Engineering  and  Management"  em- 
phasizes the  analyses  of  hydraulic  conditions 
and  their  dependency  on  channel  bottom  rough- 
ness (friction  analyses)  and  channel  morphology 
(spatial  variation  of  hydraulic  conditions).  A 
large  part  of  the  proceedings  contributions  re- 
fers to  advancements  in  hydraulic  engineering. 
The  1987  volume  "Sediment  Transport  in 
Gravel-Bed  Rivers"  features  a  broad  spectrum  of 
phenomena  and  problems  encountered  in  bed- 
load  transport  research  (e.g.,  statistical  analyses 
of  the  temporal  variation  of  bedload  transport, 
methods  and  problems  in  representative  sam- 
pling, application  of  bedload  transport  formu- 
lae), as  well  as  examples  of  hydraulic  engineer- 
ing in  coarse  gravel-bed  rivers.  The  1992  volume 
"Dynamics  of  Gravel-Bed  Rivers"  focuses  on  the 
analyses  of  the  processes  and  mechanisms  of 
bedload  transport.  The  interactions  between  sin- 
gle particles  and  the  channel  bottom  during  the 
initiation  of  motion  and  during  transport  are 
analyzed  in  several  contribu-  tions  (e.g.,  tempo- 
ral and  spatial  variation  of  channel  geometry 
and  roughness,  hydraulic  and  sedimentary  con- 
ditions during  incipient  motion,  and  analyses  of 
the  grain-size  distribution  of  bedload  transport). 

Bedload  transport  research  of  the  1990's  must 
develop  new  measuring  techniques  that  allow  re- 
cording and  analyzing  the  hydraulic,  sedimen- 
tological, and  morphological  parameters  of  the 


Translation  of  the  German  citation  "Intergralsanierung" 
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An  exception  to  this  are  the  studies  by  Hubbell  and  Sayre  (1964)  and  Say  re  and  Hubbell  (1965)  to  detect  the  fluvial  transport  of  radioactively  traced 

sand. 
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channel  bottom.  Given  these  data,  the  processes 
that  govern  bedload  transport  can  be  analyzed.  It 
is  important  that  results  of  different  aspects  of 
bedload  transport  are  compared  and  combined. 
Various  models  need  to  be  developed  that  explain 


processes  of  bedload  transport,  starting  at  the 
very  local  scale  and  extending  to  the  watershed 
scale  where  all  processes  that  are  active  in  a 
stream  system  and  affect  bedload  transport  act  to- 
gether. 
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2.  Research  Problems  and  Aims  of  This  Study 


2.1  Difficulties  in  Bedload  Transport 
Analyses 

Stream  systems  develop  with  respect  to  the 
conditions  of  their  watersheds  (climate,  geomor- 
phology,  geology,  vegetation,  and  hydrology). 
The  watershed  conditions  produce  typical 
amounts  and  durations  of  flows.  These  flows  can 
transport  typical  amounts  of  the  sediments  avail- 
able in  the  stream  system.  This  causes  a  certain 
channel  morphology.  Stimulated  by  the  studies  of 
Leeder  (1983),  Hickin  (1983),  and  Ashworth  and 
Ferguson  (1986),  Figure  2.1  shows  a  diagram  of 
the  interacting  processes  in  a  gravel-bed  river. 

Bedload  transport  is  part  of  the  interactions 
between  flow  dynamics,  the  sedimentological 
conditions  at  the  stream  bottom,  and  the  stream 
channel  geometry.  The  unsteady  flow  hydraulics 
and  the  mobile  channel  bottom  adjust  to  each 
other  until  a  dynamic  equilibrium  is  reached 
(Yang  1971;  Yang  et  al.  1981).  If  the  river  bottom 
form  or  grain-size  distribution  changes  during 


these  adjustments,  this  process  is  observable  as 
bedload  transport.  The  temporal  and  spatial  vari- 
ability of  the  amount  and  grain-size  distribution 
of  bedload  transport  varies  in  different  stream 
types  in  accordance  to  the  flow  hydraulics,  sedi- 
mentological conditions  and  channel  geometry. 

Problems  in  the  investigation  of  coarse  bed- 
load  transport  arise  from  the  complexity  of  the 
interactions  which,  due  to  a  dearth  of  appropriate 
measuring  techniques  and  data  from  natural 
streams,  have  only  begun  to  be  investigated. 

In  their  pioneering  investigations  in  a  Norwe- 
gian stream,  Ashworth  and  Ferguson  (1986)  tried 
to  acknowledge  and  measure  these  complex  inter- 
actions in  their  temporal  and  spatial  variations 
and  interpret  results  in  terms  of  a  mutual  depend- 
ency of  all  parameters.  Ashworth  and  Ferguson 
(1986:  371)  point  out  that  "...more  data  sets  of  inte- 
grated and  intensive  field  measurements  are 
needed  if  a  better  understanding  of  the  function- 
ing of  active  gravel-bed  rivers  is  to  be  gained."  On 
the  same  token,  the  American  Geophysical  Union 
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Figure  2.1  -  Bedload  transport  as  part  of  a  complex  interactive  system.  Parameters  are  subjected  to  short-term  and  long-term  variability. 
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calls  for  contributions  for  the  1989  AGU  Fall- 
Meeting,  that  analyze  and  quantify  the 
interactions  between  the  hydraulic,  sedimen- 
tological  and  morphological  factors  which  are 
needed  in  order  to  develop  predictive  models  for 
river  bed  adjustments  to  steady  and  unsteady 
flows  (EOS  1989). 

Referring  to  Figure  2.1,  at  least  the  following 
parameters  would  have  to  be  measured  in  order 
to  analyze  the  interactions: 

•  watershed  conditions  that  lead  to  the  specific 
temporal  variation  of  high  flows,  such  as 

o  weather  (and  snow)  conditions*1, 
o  processes  of  runoff  generation*, 
o  discharge  volumes*. 

•  watershed  conditions  that  lead  to  the  specific 
sediment  availability*,  such  as 

o  slope  and  stream  sediment  sources*, 
o  stream  and  near-stream  sediment  stor- 
age*, and 

o  travel  velocity  of  stream  sediments*. 

•  high  flow  measurements  of  the  temporal  and 
spatial  variation  of 

o  coarse  and  sandy  bedload  transport  and 
its  grain-size  distribution, 

o  flow  hydraulics, 

o  cross-sectional  geometry,  and 

o  stream  morphology. 
Though  necessary,  such  a  data  base  is  not 
available  for  any  natural  stream.  Data  sets  on  flow 
and  sediment  transport  are  either  from  laboratory 
experiments  which  necessarily  are  performed  un- 
der modified  and  restricted  conditions,  or  if  there 
are  data  sets  from  streams  they  focus  on  partial 
sediment  transport  aspects.  The  studies  describe 
many  bedload  transport  phenomena,  but  their  in- 
terpretation is  often  difficult.  Results  obtained 
from  different  streams  are  often  contradictory, 
since  flow  and  stream  conditions  were  not  compa- 
rable. Drawing  analogies  is  therefore  problematic. 
However,  an  attempt  to  understand  the  complex- 
ity of  processes  involved  in  bedload  transport 
demands  that  results  from  different  studies  are 
combined,  since  one  study  cannot  cover  it  all. 

The  grain-size  distribution  of  gravel-bed 
streams  is  often  very  broad,  especially  in  moun- 
tainous areas.  The  steep  channel  gradients  give 
the  flow  the  competence  to  occasionally  transport 
even  very  large  clasts.  The  potential  transport  of 
these  wide  grain-size  spectra  from  sand  to  cobbles 
leads  to  big  problems  regarding  the  research  of 

- 

Items  with  asterisk  were  added  during  translation. 


coarse  bedload  transport:  complex  interactions 
take  place  between  particles  of  different  grain 
sizes  and  shapes,  both  during  incipient  motion,  as 
well  as  during  transport  and  deposition.  These  in- 
teractions have  only  been  started  to  be 
investigated,  since  techniques  capable  of  measur- 
ing the  temporal  and  spatial  variation  of  bedload 
transport  of  such  different  grain  sizes  are  not  at 
hand.  The  latest  publications  still  point  to  this  im- 
mense problem  in  coarse  bedload  transport 
research:  "sampling  and  good  data  sets  are  still  a 
problem"  (Gomez  and  Church  1989). 

Information  gained  from  the  analyses  of  trans- 
port processes  in  very  well  sorted  sediments 
(especially  those  based  on  the  analyses  of  sand 
transport  in  hydraulic  engineering),  as  well  as 
bedload  equations  derived  from  these  analyses, 
cannot  be  used  to  explain  the  processes  in  coarse 
gravel-bed  rivers.  The  grain  size  and  shape  de- 
pendent variability  in  particle  stability,  and  the 
forces  needed  for  entrainment,  greatly  affects 
transport  rates  and  grain-size  compositions  of 
bedload  transport. 

Bedload  transport  research  has  still  not  suc- 
ceeded in  describing  all  the  processes  and  their 
interactions  involved  in  bedload  transport  in  its 
entirety.  Given  the  current  techniques,  the  respec- 
tive parameters  are  hardly  measurable  in  their 
temporal  and  spatial  variability  under  high  flow 
conditions  in  natural  streams.  Therefore,  their  in- 
teractions are  not  yet  describable  in  a 
deterministic  way.  Due  to  this  dearth  of  appropri- 
ate field  measuring  techniques,  and  the  lack  of 
data,  only  few  theories  and  models  have  been  de- 
veloped that  help  to  connect  data  and  theoretical 
concepts. 

Field  measurements  regarding  the  temporal 
and  spatial  variability  of  coarse  bedload  transport 
and  its  grain-size  distribution,  as  well  as  the  con- 
ditions of  flow,  channel  grain-size  distribution, 
and  geometry  are  indispensable  for  the  analyses 
of  the  dynamics  of  coarse  bedload  transport. 
However,  field  measurements  will  only  be  suc- 
cessful, if  they  are  supported  by  suitable 
hydrological  and  sedimentological  catchment  con- 
ditions, and  a  well  equipped  and  accessible 
measuring  site.  The  measuring  technique  has  to  fit 
the  research  question  and  the  conditions  encoun- 
tered. The  development  of  special  measuring 
techniques,  their  installations  at  the  site,  and  the 
performance  of  the  measurements  require  rela- 
tively large  financial,  personnel  and  logistic 
efforts. 
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2.2  Aims  of  the  Study  and  Procedure 

As  indicated  during  the  last  symposium  of  the 
Gravel-Bed  Rivers  group  in  the  fall  of  1990,  much 
attention  is  given  to  the  analyses  of  the  dynamics 
of  bedload  transport.  Research  focused  on  how 
channel  grain-size  composition  and  river  bed  ge- 
ometry affect  flow  hydraulics  and  the  transport  of 
particles  of  various  grain  sizes.  The  investigations 
of  this  study  are  closely  related  to  the  present  re- 
search. 

In  particular,  it  is  the  aim  of  this  study  to  ana- 
lyze the  dynamics  of  coarse  bedload  transport  by 
investigating  the  temporal  variation  of  coarse  bed- 
load  transport  and  its  grain-size  distribution  and 
the  associated  channel  change  using  Squaw 
Creek,  a  mountain  stream  in  Montana  as  an  exam- 
ple. Several  measuring  techniques  were  employed 
in  this  study.  Some  of  them  had  to  be  especially 
developed  for  Squaw  Creek. 

A  continuous  registration  of  bedload  trans- 
port was  desired  for  a  long  and  high  temporal 
resolution  data  series  which  could  be  used  to 
analyze  the  temporal  variation  of  bedload  in 
various  temporal  scales.  The  magnetic  tracer 
technique  was  an  adequate  tool  for  the  continu- 
ous registration  of  bedload  transport  for  Squaw 
Creek.  Continuous  records  of  various  hydraulic 
parameters  are  not  only  useful  for  establishing  a 
discharge-bedload  relationship,  but  they  also  of- 
fer the  opportunity  to  compare  time  series  of 
bedload  transport  and  flow  hydraulics.  Detailed 


surveys  of  channel  morphology  and  measure- 
ments of  the  cross-sectional  channel  geometry 
with  the  "Tausendfiifiler  (millipede)"  device 
should  render  it  possible  to  analyze  the  interac- 
tions between  bedload  transport  and  the 
processes  on  the  channel  bottom.  The  analyses 
of  the  temporal  variation  of  the  bedload  grain- 
size  distribution  should  permit  one  to  gain 
insights  into  the  interactions  between  channel 
bottom  and  bedload  transport.  This  can  be  done 
with  consecutive  and  representative  bedload 
sampling  using  appropriate  samplers.  Further- 
more, detailed  grain-size  analyses  and  analyses 
of  clarify  particle  transport  rates  should  help  to 
elucidate  the  still  controversially  discussed 
question  of  whether  or  under  which  circum- 
stances bedload  transport  is  grain  size-selective 
(selective  transport)  or  comprises  the  entire 
grain-size  spectrum  (equal  mobility). 

Since  finances,  measuring  techniques  and  the 
number  of  personnel  are  always  somewhat  lim- 
ited, measurements  and  investigations  were 
focused  on  those  parameters  and  relationships 
which  are  necessary  for  an  understanding  of  the 
causes  of  a  fluctuating  bedload  transport  and  its 
variable  grain-size  composition. 

The  majority  of  the  field  data  collection  for 
this  study  at  Squaw  Creek  was  carried  out  during 
snow  melt  high  flow  in  1986  and  1988.  In  1987 
high  flows  were  not  sufficient  to  move  coarse  bed- 
load.  Some  supplementary  measurements  were 
done  in  1989  and  1990. 
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3.  The  Measuring  Area — Squaw  Creek 


A  suitable  measuring  site  is  an  important  re- 
quirement for  measurements  of  coarse  bedload 
transport  in  natural  streams.  Since  1981,  coarse 
bedload  transport  has  been  measured  intermit- 
tently at  Squaw  Creek.  This  site  was  chosen  for 
measurements  according  to  the  following  criteria: 

•  bedload  should  contain  a  high  percentage  of 
natural  magnetic  pebbles  and  cobbles  which 
can  serve  as  tracers  for  the  magnetic  tracer 
technique  which  facilitates  the  continuous 
measurement  of  bedload  transport, 

•  high  flows  with  competence  for  coarse  bed- 
load  transport  should  be  predictable  with  a 
high  probability  and  occur  annually, 

•  the  site  should  be  accessible  by  vehicle.  Cat- 
walks, instrumentation  shelters,  and  elec- 
tricity should  be  available. 

Squaw  Creek,  a  mountain  stream  in  Montana, 
fulfilled  these  requirements. 

3.1  The  Measuring  Area 

The  following  section  briefly  introduces  the 
topographical,  geological,  morphological,  and  cli- 
matological/hydrological  conditions  of  the 
Squaw  Creek  watershed  and  its  measuring  site. 

The  Squaw  Creek  watershed  is  situated  in 
southwest  Montana  in  Gallatin  County  (fig.  3.1). 
Squaw  Creek,  a  steep  Rocky  Mountain  stream,  is  a 
tributary  to  the  Gallatin  River  in  the  Missouri 
headwaters.  The  measuring  site  (45°  26'  28"  N, 
1110  13'  20"  W)  is  42  km  south  of  Bozeman,  about 
50  m  upstream  from  the  confluence  with  the  Gal- 
latin River.  The  catchment  area  is  106  km2  and 
ranges  from  1,634  m  in  elevation  at  the  measuring 
site  to  about  3,000  m  at  its  highest  parts.  The  wa- 
tershed is  20.3  km  long,  and  the  Squaw  Creek 
stream  length  is  22  km.  The  average  stream  gradi- 
ent in  the  measuring  reach  is  2%. 

The  geological  conditions  of  the  catchment  gave 
the  main  reason  to  chose  Squaw  Creek  for  a  measur- 
ing site.  Tertiary  volcanic  rocks  comprise  55%  of  the 
watershed  area.  Widespread  lava  flows  several  hun- 
dred meters  thick  were  produced  by  the  Laramie 
orogenesis.  The  lava  flows  consist  of  black  to  gray- 
black,  dense  or  intermediate  porphyric  andesites 
which  contain  about  7.4%  magnetite  (McMannis  and 


Chadwick  1964).  The  rest  of  the  basin  comprises 
Precambric  gneiss  in  the  northwestern  part  (20% 
of  the  total  area),  and  Paleozoic  and  Mesozoic 
sedimentary  rocks  in  the  westerns  parts  (fig.  3.2). 
Most  of  the  watershed  is  forested.  Between  1960 
and  1985,  about  8%  of  the  forest  has  been  clear- 
cut1.  The  West-East  valley  orientation  (WNW  to  ESE) 
leads  to  pronounced  climatological,  vegetational,  and 
morphological  differences  between  the  shaded  and 
the  sun-exposed  slopes. 

3.1.1  The  shaded,  north-facing  slopes 

Traces  of  glacial  erosion  (cirques)  are  discern- 
ible in  the  highest  parts  of  the  watershed  in 
shaded  areas  on  north-facing  slopes.  Except  for 
clearcuts  in  the  distant  part  of  the  watershed, 
these  slopes  are  forested  from  the  valley  bottom  to 
the  watershed  (Picea  engelmannii,  Pseudotsuga 
menziesii,  Pinus  contorta).  Traces  of  mass  move- 
ments are  discernible  under  the  forest  cover. 
Owing  to  the  shielded  exposition,  the  snow  cover 
prevails  until  relatively  late  in  spring. 

3.1.2  The  sun-exposed,  south-facing  slopes 

The  watershed  on  the  south-facing  slopes  is 
higher  than  the  southern  rim  and  part  of  it  ex- 
tends for  another  100-200  m  above  tree  line  which 
is  at  2800-2900m.  While  the  distal  and  higher  ar- 
eas of  the  south-facing  slopes  are  forested,  parts  of 
the  lower  slopes  are  characterized  by  rather  dry 
conditions  featuring  dryland  vegetation  (Artemisia 
tridentata  and  Juniperus).  The  dryland  vegetation 
becomes  sparse  on  slopes  where  the  soil  cover  is 
thin.  This  happens  especially  in  the  proximal, 
lower  parts  of  the  watershed  where  Squaw  Creek 
has  scoured  deeply  into  Mesozoic  and  Paleozoic 
sediments.  The  scour  has  lead  to  the  formation  of 
canyonlike  walls  on  the  south-facing  slopes.  Snow 
melt  responds  quickly  to  winter  and  spring  sun- 
shine on  these  slopes  which  are  almost  bare  of 
vegetation. 

3.1.3  Valley  and  stream  morphology 

In  the  upper  and  most  distant  parts  of  the 
catchment,  the  valley  is  U-shaped  and  Squaw 


1 

Information  from  a  handout  provided  by  M.  Story  (U.S.  Forest  Service  in  Bozeman)  at  a  U.S.  Forest  Service  meeting  at  Squaw  Creek  in  June 
1994.  The  prelogging  forest  cover  indicated  on  the  1955  edition  of  the  Garnet  Mountain  quadrangle  map,  15  minute  series,  1:62,000,  appears  to  be 
>  90%.  De  Jong  (1993)  gives  a  50%  forest  cover  for  the  Squaw  Creek  watershed  which  seems  to  be  somewhat  low. 
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Figure  3.1  -  Geographical  location  of  the  measuring  area. 
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I     I    Tertiary:       Volcanic  rocks ( andesite, breccia, sand) 
I <* '1    Paleozoic:      Sedimentary  rocks  ( limestone, siltstone, shales ) 
I  :  I    Precambrian:  Metamorphic  rocks  (gneiss, schist, granite 3 


Figure  3.2  -  Main  geological  units  of  the  Squaw  Creek  watershed. 


Creek  has  a  step-pool  morphology.  In  the  broader 
and  less  steep  valley  in  the  central  part  of  the 
catchment  the  stream  becomes  braided  (fig.  3.3a). 
In  the  sections  following  below,  the  stream  bed  is 
frequently  confined,  either  by  terrace  sediments 
on  both  stream  banks  or  by  steep  rock  faces  on  the 
southern  banks  (fig.  3.3b).  Lateral  gravel  bars  oc- 
cur mostly  in  unconfined  reaches.  Large  woody 
debris  affects  the  stream  morphology  as  well,  so 
that  a  jumble  of  stream  forms  occur,  ranging  from 
step-pool  to  pool-riffle  and  straight  confined 
channel  reaches.  In  its  lowest  reach  along  the 
measuring  site,  Squaw  Creek  follows  a  slightly 
meandering  course  incised  into  a  presumably 
Pleistocene  gravel  terrace.  Stream  morphology  is 
mostly  pool-riffle  and  plane-bed. 


3.2  Hydrological  Conditions  at  Squaw  Creek 

The  climate  in  southwest  Montana  is  continen- 
tal (Dfb-climate  according  to  the  Koppen  climate 
classification):  winter  in  the  mountains  is  long  and 
cold.  Spring  brings  most  of  the  precipitation  and 
summer  is  short,  hot,  and  dry.  Snow  cover  starts 


to  build  up  in  October.  The  local  climatic  condi- 
tions in  the  Squaw  Creek  basin  are  affected  by  its 
mountainous  terrain  and  its  aspect  (Section  3.1). 
Compared  to  the  intramountainous  basins  (e.g., 
Bozeman  valley),  the  Squaw  Creek  watershed  is 
much  colder  and  wetter.  Using  the  data  produced 
by  the  U.S.  Forest  Service  for  1959  to  1981,  Er- 
genzinger  and  Custer  (1983)  calculated  the 
average  annual  precipitation  for  the  entire  water- 
shed to  be  813  mm,  of  which  56.2%  is  snow. 
Depending  on  elevation,  snow  cover  lasts  6  to  9 
months.  The  snow  cover  is  so  persistent  because 
weather  patterns  in  winter  alternate  between  low- 
pressure  systems  from  the  northwest,  bringing 
fresh  snow,  and  cold,  clear,  high-pressure  systems 
from  the  northeast. 

General  snow  melt  starts  at  Squaw  Creek 
around  mid  May,  not  counting  small-scale  peri- 
ods of  snowmelt  in  the  valley  bottom  and  on 
south-facing  rock  faces.  The  reason  for  the  late 
snowmelt  is  that  radiation  produces  enough 
warmth  for  snowmelt  only  around  the  end  of 
April  or  beginning  of  May.  Besides,  warm  and 
wet  frontal  systems  reach  this  part  of  Montana 
only  in  May  and  June. 


This  braided  reach  has  already  been  identified  on  prelogging  areal  photography  in  1959  (S.  Glasser,  pers.  com.  1994). 
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3.2.1  Snowmelt  high  flows  at  Squaw  Creek 

The  shape  of  the  snowmelt  hydrograph  is  de- 
pendent on  the  amount  and  water  equivalent  of 
the  snow  cover  and  on  the  temporal  and  spatial 
variation  of  melting  rates.  A  warm  spring  with 
frequent  sunshine  and  a  generally  small  snow 
cover  produces  low  daily  melting  rates  that  have 
already  gradually  consumed  the  snow  pack  be- 
fore hot  weather  or  spring  rain  sets  in  by  mid- 
May,  leading  to  an  early  and  low  snowmelt  run- 
off. This  happened  in  the  springs  of  1985,  1987, 
and  1990,  when  discharges  never,  or  not  for  suffi- 
cient periods  of  time,  exceeded  the  threshold  of 
motion  of  coarse  bedload.  However,  if  a  warm 
frontal  precipitation  coincides  with  a  good  pack  of 
warmed-up  snow,  this  produces  discharges  that 
exceed  ordinary  snowmelt  runoff  by  two  or  three 
times.  Such  a  high  flow  has  been  observed  and 
partially  measured  by  Ergenzinger  and  Custer 
(1983;  Section  5.2.1.3). 

Usually,  spring  provides  a  combination  of 
both  weather  patterns,  and  every  other  year  pro- 
duces a  "good"  spring  high  flow  that  is  large 
enough  to  cause  bedload  transport  for  a  period  of 
2  or  3  weeks.  Such  high  flows  with  sustained  peri- 
ods of  bedload  transport  were  observed  and 
measured  in  1986  and  19883.  In  another  30%  of  the 
years,  full  pebble  and  cobble  transport  can  be  ex- 
pected for  several,  individual  days  of  the  high 
flow.  In  20%  of  the  years  spring  high  flow  is  not 
sufficient  to  start  the  transport  of  pebbles  and  cob- 
bles4. 

Figure  5.8  (Section  5.3.2)  shows  a  typical  ex- 
ample of  a  snowmelt  hydrograph  during  the 
runoff  season  in  1986.  The  elongated  shape  of  the 
drainage  basin  delays  the  daily  discharge  re- 
sponse to  snowmelt  until  late  afternoon.  Peak 
flows  do  not  occur  until  late  at  night  or  midnight. 
The  hydrograph  shows  diurnal  fluctuations  of 
flow  typical  of  a  snowmelt  regime.  The  difference 
between  daily  low  and  daily  high  flow  ranges 
from  0.5  to  1.5  m3/s  and  is  especially  well  devel- 
oped during  a  rapid  and  vigorous  snowmelt  at 
the  onset  of  high  flow  (May  27/28,  1986),  after  hot 
and  sunny  days  during  snowmelt  (May  31 /June  1, 
1986)  or  when  already  decreasing  snowmelt  is  re- 
inforced by  frontal  rain  (June  5/6  and  June  9, 
1986).  The  change  in  the  rate  of  flow  is  usually 
stronger  on  the  rising  limbs  than  on  the  falling 
limb  of  flow.  If  snowmelt  is  mainly  due  to  warm 


and  sunny  weather,  the  rate  of  snowmelt,  and 
consequently  peak  flows  and  daily  amplitudes  of 
flow,  decrease  over  time  as  the  snowpack  be- 
comes depleted.  Finally,  when  runoff  is  mainly 
fed  from  interflow  and  groundwater,  a  "warm" 
frontal  system,  or  even  individual  thunderstorms, 
may  produce  some  peak  flows  again. 

3.2.2  Time  series  analyses  of  high  flows 

If  the  occurrence,  magnitude,  and  the  fre- 
quency of  high  flows  is  known,  occurrence, 
magnitude  and  the  frequency  of  flows  which  pro- 
duce coarse  bedload  transport  can  be  calculated. 
The  U.S.  Forest  Service  kept  a  stream  gage  at  the 
Squaw  Creek  measuring  site  from  1959  to  1986.  A 
27-year  record  is  therefore  available  for  the  analy- 
ses of  annual  maximum  flows.  The  statistical 
analyses  showed  that  annual  peak  flows  usually 
occur  either  in  the  second  part  of  May  or  in  mid 
June  (fig.  3.4).  These  peak  flows  are  most  often  of 
a  magnitude  of  5.5  to  6.5  m3/s  (fig.  3.5).  The  recur- 
rence interval  for  annual  peak  flows  was 
calculated  after  Morisawa  (1968)  and  is  1.8  years 
for  peak  flows  of  6  m3/s  (fig.  3.6).  According  to 
local  experience  at  Squaw  Creek,  annual  peak 
flow  of  6  m3/s  produces  at  least  1  week  of  flows 
larger  than  4  m3/s,  which  is  the  threshold  of  mo- 
tion for  coarse  bedload  transport  at  Squaw  Creek. 

The  most  frequently  occurring  peak  flow 
(about  6  m3/s)  coincides  roughly  with  bankfull 
flow  for  which  Leopold  et  al.  (1964)  give  a  recur- 
rence interval  of  1  to  2  years.  Both  high  flows  in 
1986  and  1988  fall  into  this  category.  They  are 
therefore  referred  to  as  "ordinary"  high  flows  that 
modify  the  channel  morphology  but  which  do  not 
alter  the  type  of  the  channel  morphology.  The 
high  flow  of  1981  reached  a  peak  discharge  of  16 
m3/s,  which  corresponds  to  a  statistical  recur- 
rence interval  of  10  to  20  years.  Such  flow  events 
flood  the  gravel  bars  and  tear  up  the  armor.  The 
stream  shifts  within  its  gravel  bed.  The  effects  of 
such  a  high  flow  event  are  described  in  Section 
5.2.1.3. 


3.3  Stream  Morphology  at  Squaw  Creek  in 
the  Measuring  Reach 

In  order  to  monitor  changes  within  the  stream 
morphology,  the  stream  bed,  including  its  sur- 


and  in  1991.  Snowmelt  runoff  in  1992  was  too  low  for  sustained  coarse  bedload  transport,  but  a  few  days  of  coarse  bedload  motion  set  in  after 
the  researchers  had  left  already.  Spring  high  flow  was  excellent  for  bedload  transport  in  1993,  but  no  measurements  took  place. 

4 

These  calculation  were  done  in  1994  and  added  during  the  translation. 
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Figure  3.4  -  High  flow  frequencies  at  Squaw  Creek  1959-1991.  No 
data  for  the  years  1976-1978,  and  1989. 


Figure  3.6  -  Recurrence  intervals  of  annual  peak  flows  1959-1991. 
No  data  for  the  years  1976-1978,  and  1989. 
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Figure  3.5  -  Temporal  distribution  of  annual  peak  flows  1959-1991. 
No  data  for  the  years  1976-1978,  and  1989. 

roundings,  was  surveyed  in  1986  and  in  1988  after 
the  high  flow  period  over  a  reach  of  about  70  m 
upstream  from  the  detector  block  at  the  vehicle 
bridge.  The  results  of  these  surveys  are  shown  in 
two  topographic  maps  (fig.  3.7  and  3.8). 

An  extreme  high  flow  event  in  1981  and  a  log 
jam  burst  in  spring  of  1983  (Section  5.2.1.3)  played 
a  major  role  in  the  shaping  of  the  present  stream 


morphology  in  the  measuring  reach.  During  later 
years  the  stream  only  modified  its  channel  by 
making  the  riffle-pool  morphology  more  promi- 
nent6. 

In  the  reach  above  the  confluence  with  the 
Gallatin  River,  Squaw  Creek  follows  a  meander- 
ing course  in  which  the  stream  and  its  lateral  bars 
cover  a  width  of  about  20  m  and  lie  incised  1  to  2 
m  deep  into  an  older  gravel  floodplain  (fig.  3.9a  - 
b).  The  general  stream  gradient  in  this  reach  is 
around  2%,  but  due  to  the  riffle-pool  morphology 
local  gradients  can  vary.  Those  gravel  bars  that 
are  part  of  the  riffle-pool  morphology  are  only  ex- 
posed during  low  flows.  The  presence  of  lateral 
gravel  bars  is  usually  limited  to  one  side  of  the 
stream  and  they  are  inundated  by  a  decimeter  or 
two  when  flow  peaks  during  ordinary  snowmelt 
with  bankfull  flows. 

The  asymmetrical  stream  cross-sections  have  a 
maximum  depth  of  0.6  to  0.7  m  at  bankfull  flows 
during  ordinary  snowmelt  high  flow.  Stream  width 
increases  from  about  5-6  m  during  low  flows  to 
about  10  m  during  bankfull  flows.  A  further  in- 
crease in  width  would  require  much  higher  flows, 
because  the  left  bank  is  confined  by  a  terrace,  and 
the  right  bank  by  a  gravel  berm.  This  berm  levels 
out  with  the  gravel  bar  a  little  farther  upstream,  but 
here  the  gravel  bar  is  in  a  point  bar  position.  It  is 
just  inundated  during  ordinary  snowmelt  high 


as  of  1989 


Following  the  aggradation  associated  with  the  installation  of  the  upstream  detector  log  in  1990,  the  riffle-pool  sequence  shifted  a  few  meters 
upstream. 
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Figure  3.9  -  Squaw  Creek  at  the  measuring  reach  in  the  beginning  of  snowmelt  high  flow  (note  high 
turbidity). 

a)  view  upstream:  right  bank  gravel  bar  that  is  just  getting  flooded 

b)  view  downstream  towards  the  vehicle  bridge:  culverts  on  the  left  bank  indicate  the  locations 
of  the  water  surface  slope  measurements 
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flows7  and  sediment  transport  on  this  bar  is  usually      3.4.2  Percentage  of  magnetic  rocks 


marginal,  although  pebble  transport  can  already  oc- 
cur in  shallow  inundation. 


3.4  Sedimentological  and  Petrological 
Conditions  at  Squaw  Creek 

3.4.1  Grain-size  distributions  in  the  measuring 
reach 

Figure  3.10  gives  a  general  idea  about  the 
grain-size  distributions  within  the  measuring 
reach.  The  grain-size  spectra  range  from  sand  to 
cobbles  with  a  diameter  of  20  cm.  Two  samples 
from  the  gravel  bar  at  the  right  bank  were  ana- 
lyzed. Subsequently,  a  sample  larger  than  100  kg 
was  taken  from  this  bar  in  the  measuring  reach  in 
1988.  Sampling  reached  from  the  gravel  bar  sur- 
face to  a  depth  of  about  0.5  m.  The  median  grain 
size,  including  the  sand  fraction,  was  22  mm  (fig. 
3.10:  curve  2).  A  smaller  sample  taken  in  1983  (Bu- 
gosh  1988)  has  a  smaller  grain-size  range  but  a 
similar  median  grain  size  (curve  1).  The  grain-size 
distribution  of  the  channel  bottom  is  strongly  de- 
pendent on  the  local  stream  morphology  and 
varies  within  the  reach  scale.  Custer  et  al.  (1987) 
and  Bugosh  (1988)  recorded  the  median  grain  size 
of  the  river  bottom  to  be  125  mm  (curve  3).  The 
largest  boulders  are  up  to  30  cm. 


Later  parts  of  this  study  will  compare  bedload 
signal  rates  registered  with  the  magnetic  tracer 
technique  with  the  number  of  pebbles  and  cobbles 
that  were  caught  with  a  large  net-sampler  as  they 
passed  over  the  detector  log.  Since  only  magnetic 
rocks  can  induce  a  signal,  this  comparison  re- 
quires that  for  each  bedload  grain-size  class  the 
percentage  of  magnetic  rocks  is  known. 

A  first  sedimentological  and  petrological 
study  of  this  kind  was  done  by  Monahan  and 
O'Rourke  (1982).  They  took  411  pebbles  and  cob- 
bles from  Squaw  Creek  and  analyzed  the  effects  of 
particle  size,  weight,  volume,  shape,  and  petrol- 
ogy on  the  magnetic  field  strength.  The  sample 
was  collected  from  the  gravel  bars  and  the  river 
bottom  and  comprised  particles  within  the  two 
size  classes  32-64  mm  and  >64  mm.  The  results  of 
this  study  show  that 

•  76%  of  all  particles  are  volcanic  rocks;  the  rest 
are  sedimentary  (limestones,  siltstone,  sand- 
stones), metamorphic  (basically  gneiss),  and 
intrusive  rocks  (basically  granite); 

•  97%  of  the  volcanic  rocks  are  magnetic; 

•  the  percentage  of  volcanic  rocks  within  the 
grain-size  class  of  32-64  mm  is  66.7  and 
77.2%  for  the  grain-size  class  >64  mm;  and 
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Figure  3.10  -  Grain-size  distribution  of  a  gravel  bar  and  the  channel  bottom. 


7 

A  more  frequent  flooding  of  this  gravel  is  to  be  expected  after  the  installation  of  second,  upstream  detector  log  in  the  stream  in  1990.  The  burial 
of  the  log  was  not  absolutely  flush  with  the  stream  bottom,  so  sediment  accumulated  on  the  upstream  side  and  raised  the  local  water  level.  The  lateral 
gravel  bar  should  now  be  inundated  at  lower  discharges  already. 
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Figure  3.11  -  Variability  between  magnetic  field  strength  and  particle  size  of  volcanic  rocks  at  Squaw  Creek  (data  from  Monahan  and  O'Rourke 
1982). 


•  the  magnetic  content  is  not  related  to  parti- 
cle weight  (fig.  3.11;  r2  =  0.1). 

It  was  recognized  during  experiments  with  the 
newly  installed  detector  log  in  1986  that  test  peb- 
bles of  different  volcanic  petrology  produced 
signals  of  different  amplitude  as  they  passed  the 
detector  log.  Therefore,  the  variability  of  the  mag- 
netic properties  and  the  percentage  of  highly  and 
slightly  magnetic  rocks  among  the  volcanic  rocks 
was  more  closely  examined.  Using  a  bedload  sam- 
ple from  the  large  net  frame  sampler  (Section 
4.4.4.2),  the  volcanic  rocks  were  visually  sorted  ac- 
cording to  their  color,  structure,  and  texture  into 
three  groups  with  the  following  characteristics: 

•  black,  dense,  fine-grained, 

•  gray,  dense,  porphyritic,  and 

•  black  or  red  and  vesicular. 

Because  a  magnetometer  was  not  available  at 
that  time,  the  magnetic  field  strength  of  each  vol- 
canic rock  group  was  tested  by  recording  the 
angle  up  to  which  a  small  pebble  (16-22  mm) 
could  lift  a  small  stud-finder  magnet  that  can 
pivot  around  a  center.  While  both  the  black  and 
gray  volcanics  produced  the  same  degree  of  piv- 
oting in  the  stud-finder  magnet,  the  vesicular 
extrusive  rocks  evoked  hardly  any  motion  on  the 
magnet.  Therefore,  the  vesicular  rocks  were  elimi- 
nated from  the  group  of  "magnetic  rocks." 


The  percentage  of  magnetic  rocks  was  deter- 
mined for  each  of  the  six  size  classes  between  11.2 
and  125  mm  in  0.5  phi  steps  using  pebbles  and 
cobbles  from  several  bedload  samples  collected 
with  the  net-sampler.  Results  of  this  analysis  are 
shown  in  Figure  3.12.  Cobbles  have  the  highest 
percentage  of  magnetic  rocks.  The  percentage  of 
magnetic  rocks  decreases  with  decreasing  grain 
sizes  and  reaches  a  minimum  for  pebbles  around 
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Figure  3.12  -  Percentage  of  magnetic  rocks  determined  for  various 
bedload  size  classes. 
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20  mm,  while  smaller  gravels  have  a  higher  per- 
centage of  magnetic  rocks.  This  non-monotonic 
relation  is  attributable  to  the  structural  and  tex- 
tural  stability  of  the  volcanic  rocks.  The  black  and 
gray  dense  volcanic  rocks  withstand  external  im- 
pacts even  in  small  grain  sizes,  while  the  vesicular 
rocks  have  their  optimum  existence  around  20 
mm  and  easily  break  or  disintegrate  when  they 
are  smaller  or  larger.  Particles  larger  than  30  mm 
(more  than  50  g)  have  on  average  magnetic  field 
strengths  larger  than  40  gamma  (Spieker  1988;  see 
also  fig.  3.11),  which  was  the  threshold  for  meas- 
urability  with  the  magnetic  tracer  technique8.  The 
percentage  of  magnetic  rocks  increases  exponen- 
tially from  65%  to  75%  for  pebbles  and  cobbles 
between  30  and  90  mm. 


3.5  Description  of  the  Measuring  Site  and 
Its  Permanent  Pieces  of  Instrumentation 

The  measuring  site  at  Squaw  Creek  is  about 
50  m  upstream  of  the  confluence  with  the  Gallatin 
River  where  a  vehicle  bridge  crosses  Squaw 
Creek.  The  foundations  of  this  bridge  narrows  the 
stream  width  from  a  bankfull  average  of  10  m  to 
8.5m.  The  U.S.  Forest  Service  installed  two  logs 
across  the  stream  in  front  of  the  upstream  side  of 
this  bridge  to  protect  the  bridge  foundations  from 


severe  erosion.  The  logs  are  flush  with  the  stream 
bottom  on  the  upstream  side,  while  scour  on  the 
downstream  side  has  created  an  overflow.  The  ac- 
celerating flow  at  this  position  ensures  that  no 
particles  are  deposited  on  the  logs.  This  was  a 
good  position  to  install  the  (first)  detector  log, 
since  a  rapid  transport  of  the  particles  over  the 
detector  log  was  important  for  the  quality  of  the 
bedload  signals  ( 4.4.2.2). 

Three  catwalks  were  installed  at  the  bridge  to 
facilitate  access  and  measurements  over,  in  front  of, 
and  behind  the  detector  log.  A  small  shelter  at  the 
stream  bank  housed  measuring  and  registration 
equipment.  The  position  of  the  measuring  site 
within  the  reach  is  shown  on  the  maps  in  Figure  3.7 
and  3.8.  The  location  of  permanent  and  temporary 
equipment  and  measuring  positions  around  the 
bridge  in  1986  and  1988  are  depicted  in  Figure  3.13. 

The  U.S.  Forest  Service  maintained  a  gaging 
station  at  the  downstream  side  of  the  bridge  until 
1986.  This  includes  two  staff  gages  on  both  sides 
of  the  bridge  foundation  and  a  stilling  well  on  the 
left  bank.  A  pipe  extends  diagonally  downstream 
into  the  flow,  adjusting  the  water  level  in  the  cul- 
vert to  the  water  level  in  the  stream.  Water  levels 
are  measured  with  a  float  and  registered  on  a 
Leopold  and  Stevens  strip  chart  recorder. 

Detailed  descriptions  of  the  individual  measure- 
ments are  given  in  various  sections  of  Chapter  49. 


8 

as  of  1986. 

"  T8 

This  description  refers  to  the  site  as  it  was  during  the  field  measurements  in  1986  and  1988.  Funding  provided  to  P.  A.  Carling  (UK)  by  the 
European  Branch  of  the  U.S.  Army  Corps  of  Engineers  in  1990,  and  funding  provided  to  P.  Ergenzinger  by  the  German  Research  Council  in  1991 
allowed  a  British,  German,  and  American  team  to  restructure  and  improve  the  measuring  site  substantially.  The  catwalk  at  the  downstream  side  of  the 
bridge  had  been  already  dismounted  in  late  1988.  A  second  detector  log  was  manufactured  and  installed  in  the  stream  bottom  about  30  m  upstream 
from  the  old  detector  log.  A  new,  high  and  roofed  measuring  bridge  was  placed  about  10  m  downstream  from  the  new  detector  log.  This  measuring 
bridge  has  a  device  for  detailed  cross-sectional  measurements  of  the  channel  topography  on  its  downstream  side.  The  upstream  side  has  notches  in 
0.5  m  increments  to  hold  a  current  meter  rod  securely  in  place.  A  second,  prefabricated  shelter  was  placed  on  the  left  bank  of  the  stream.  It  housed 
the  second  generation  of  electronic  equipment. 
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Figure  3.1 3  -  Set-up  of  the  measuring  site:  schematic  diagram  showing  the  location  of  the  detector  log,  the  numbering  of  detector  units,  and 
the  locations  of  bedload  sampling  (Helley-Smith:  sampling  points  1  -8;  net-sampler:  spans  detector  unit  7/8).  Flow  width  under  the  bridge 
is  8.5  m. 
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4.  Selection  and  Performance  of  the  Analyses 
of  Coarse  Material  Bedload  Transport 


Based  on  forces  and  conditions  that  affect  in- 
itial motion  and  transport  of  coarse  bedload, 
parameters  that  should  be  measured  are  described 
and  the  methodological  approach  of  the  respec- 
tive measurements  at  Squaw  Creek  is  presented. 


4.1  Forces  Active  During  Initial  Motion  of 
Coarse  Bedload 

The  following  hydraulic  and  sedimentological 
forces  are  exerted  on  a  coarse  particle  exposed  to 
flow;  the  magnitude  and  effectiveness  of  each  of 
the  forces  are  dependent  on  stream  gradient  (fig. 
4.1). 

•  Forces  of  flow  Fd, 

•  Lift  forces  Fl, 

•  Gravity  Fw  (ps  -pa;); 

•  Friction  between  particles  Ff  (particle  stabil- 
ity), 

•  Resulting  force  F. 

Motion  is  initiated  after  the  resulting  shear 
stress  F  exceeds  gravity  Fw  and  friction  FF  result- 
ing from  particle  stability. 


4.1.1  Force  of  flow 

Friction  is  exerted  at  the  water-sediment  con- 
tact between  the  channel  bottom  and  the  flow 
above  it.  This  friction  results  from  the  velocity  dif- 
ference between  the  flowing  water  and  the 
non-moving  channel  bottom  with  its  specific 
roughness  (Newton's  shear  stress  approach).  Fric- 
tion between  flow  and  channel  bottom  increases 
with  increasing  flow  intensity,  increasing  rough- 
ness and  irregularities  in  the  channel  bottom 
shape  in  its  long-  and  cross-sectional  profile. 

The  basic  literature  (e.g.,  Dingman  1984:  173- 
174,  or  Graf  1971:  84)  describes  the  intensity  of 
bedload  transport  as  a  function  of  one  of  the  fol- 
lowing parameters  that  characterize  flow  intensity 
minus  a  critical  threshold  value  (indicated  by  the 
suffix  "crit")  that  needs  to  be  exceeded  for  incipi- 
ent motion: 


Qb  =  f  (Q  -  Qcrit) 
Qb  =  f(v  -  Vcrit) 

Qb  =  f(lo  -Toc/7f) 
Ob  =  f(Q  -Qcrit) 

where: 


(Schoklitsch  1934  and  1943) 
(Hjulstrom  1935,  and  others,  see 
Stelzer  1981) 

(Du  Boys  1879;  Shields  1936) 
(Bagnold  1977) 


f 
Fw 


Figure  4.1  -  Forces  exerted  on  a  particle  on  a  rough  stream  bottom 
(after  James  1990:  29). 


Qb  =  bedload  transport  rate, 
0   =  flow  discharge  =  d  ■  w-  v, 
v    =  mean  flow  velocity  =  Q/d  ■  w, 
to  =  boundary  shear  stress  =  pw-gd-Sw,  or  8v/8d-  r|  +  e, 
and 

Q  =  stream  power  =  Q  S  pw. 

(For  further  explanations  see  list  of  symbols) 

Many  authors  modified  the  stream  flow  pa- 
rameters mentioned  above.  Bagnold  (1977)  and 
Reid  and  Frostick  (1986)  set  up  relationships  be- 
tween bedload  transport  rates  and  unit  stream 
power,  defined  as: 

03  -  Q  Sw  pw/w,  (1 ) 

because  this  parameter  has  the  same  dimensions 
(kg/m  •  s)  as  bedload  transport  rates.  Bathurst 
(1987)  establishes  relations  between  bedload 
transport  rates  and  unit  discharge 

q  =  Q/w.  (2) 
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The  force  of  flow  is  often  quantified  by  the 
boundary  shear  stress 

to  =  pw  g  d  Sw.  (3) 

Einstein  (Shen  1975)  was  the  first  to  separate 
total  shear  stress  x0  into  the  grain  shear  stress  x0' 
resulting  from  grain  roughness  and  form  shear 
stress  x0"  resulting  from  form  roughness,  i.e.,  the 
friction  exerted  on  flow  by  the  shape  of  the  river 
bed.  Bedload  entrainment  is  mostly  attributable  to 
grain  shear  stress,  which  can  either  be  deter- 
mined from  a  measured  velocity  profile  (Wiberg 
and  Smith  1987)  or  be  calculated  according  to 
the  Prandtl  law  of  the  vertical  velocity  distribu- 
tion in  turbulent  flow  (Petit  1989  and  1990). 
Ackers  and  White  (1973)  found  that  bedload 
transport  rates  correlate  best  with  grain  shear 
stress  to'  which  they  quantify  by  means  of  aver- 
age flow  velocity.  This  multitude  of  flow 
parameters  indicates  already  that  none  of  them 
seems  to  be  generally  superior  in  predicting 
bedload  transport  rates. 

Shields  quantified  the  forces  needed  for  incipi- 
ent motion  by  a  dimensionless  coefficient,  the 
mobility  number  9  which  he  defined  as: 

8  =  to  /  (ps  -pw)  ■  g  D,  or,  in  another  notation:  (4a) 

e  =  (pw  /  ps  -pw)  ■  (d/D)  •  S,  (4b) 

where  g,  d  and  D  are  acceleration  due  to  gravity, 
water  depth,  and  grain  size,  respectively.  A  third 
notation,  known  as  the  grain  Froude  number  Fr* 
denotes  9  as: 

6  =  Fr*  =  v*  I  g  D,  (4c) 

where  v*  is  the  shear  velocity  which  is  defined  as 

(Xo/pw)0-5. 

The  Shields  diagram  sets  this  mobility  number 
into  relation  with  the  dimensionless  grain 
Reynolds  number  Re*  which  is  defined  as: 

Re*  =  D  v* /v.  (5) 

The  diagram  indicates  the  relations  between  9 
and  Re*  at  which  entrainment  occurs.  As  the  mo- 
bility number  includes  the  relative  roughness 
denoted  by  the  quotient  of  water  depth  to  particle 
size  (d/D),  the  mobility  number  9  acknowledges 
the  friction  exerted  by  flow  on  the  river  bottom  to 
a  certain  extent.  The  mobility  number  has  since 
been  used  by  many  authors  to  quantify  the  condi- 
tions of  flow  and  channel  roughness  that  produce 


initial  motion  (e.g.,  Bagnold  1966;  Ackers  and 
White  1973;  Allen  and  Leeder  1980,  and  many  oth- 
ers). 

4.1.2  Fluid  density  and  lift  forces 

As  the  density  of  the  transporting  medium 
increases,  the  shear  stress  exerted  by  the  fluid 
onto  the  particles  increases  as  well.  A  de- 
crease of  the  difference  between  the  density  of 
the  fluid  and  the  density  of  the  coarse  parti- 
cles increases  the  hydrostatic  lift,  which  helps 
to  entrain  particles.  Apart  from  water  tem- 
perature and  dissolved  matter,  water  density  is 
mainly  affected  by  the  concentration  of  sus- 
pended sediment. 

Some  of  the  processes  that  initiate  or  enhance 
incipient  motion  besides  hydrostatic  lift  are  not 
fully  explainable  yet  (James  1990).  Upward  directed 
components  of  stream  flow,  e.g.,  secondary  flows 
(Richards  1982:  285),  support  lift  forces.  The  effects 
of  pressure  differences  in  the  interstitial  water  on 
lift  forces  is  still  controversially  discussed  (Williams 
et  al.  1990).  The  narrowing  of  the  stream  lines  as 
flow  passes  around  exposed  particles  also  exerts  an 
upward  force  onto  the  particle  according  to  the  Ber- 
noulli principle  (Richards  1982:  84). 

4.1.3  Turbulence 

The  fast  temporal  variation  of  the  flow 
direction  and  velocity  at  one  location  is  called 
turbulence.  Turbulent  flow  can  produce  large 
pressure  fluctuations,  which  are  described  as  an 
impulse.  The  high  temporal  variability  of  the 
pressure  fluctuations  and  the  fact  that  impulses 
can  attack  a  particle  from  all  directions  makes  it 
possible  to  attack  a  particle  at  that  point  where  its 
stability  is  least.  Heathershaw  and  Thorne  (1985), 
Thorne  et  al.  (1989),  and  Williams  et  al.  (1989a) 
analyzed  the  effects  of  the  direction  of  the  flow 
components  and  the  strengths  of  the  turbulences 
on  the  amount  and  grain-size  distribution  of 
bedload.  Apperley  and  Raudkivi  (1989)  quantified 
the  impulse  that  is  exerted  on  particles  of  different 
exposure  due  to  the  temporal  and  spatial 
variation  of  stream  components.  They  then 
determined  which  turbulence  conditions  produce 
entrainment. 

It  is  very  difficult  to  measure  turbulence  at  a 
stream  bottom  in  high  energy  mountain  streams. 
Not  only  is  the  water  depth  relatively  low  and  the 
flow  fast,  but  the  movable  stream  bed  would  re- 
quire frequent  adjustments  of  the  positioning  of 
the  measurement  instruments,  and  large  moving 
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particles  could  damage  the  instruments.  Likewise, 
it  was  not  possible  during  the  field  seasons  at 
Squaw  Creek  to  determine  the  temporal  and  spa- 
tial variation  of  the  flow  components  and  their 
effect  on  bedload  transport1. 


4.1.4  Spatial  differentiation  of  flow  forces 

Flow  in  a  mountain  stream  is  three-dimen- 
sional and  has  certain  patterns  in  longitudinal  and 
cross-sectional  direction.  These  flow  patterns  are 
associated  with  stream  morphology  (Petit  1987). 
For  example,  boundary  shear  stress,  or  the 
Froude-number,  as  a  measure  for  the  energy  of 
flow,  is  highest  at  those  parts  in  the  cross-section 
where  the  water  depth  changes  most  pro- 
nouncedly over  stream  width.  The  locations  of 
high  and  low  Froude-numbers  within  an  irregu- 
larly shaped  cross-section  change  with  increasing 
discharge  (Blalock  and  Sturm  1981). 

Locations  of  high  and  low  energy  of  flow  are 
also  variable  in  the  longitudinal  direction.  In  ir- 
regular long-profiles,  such  as  in  step-pool  or 
riffle-pool  sections,  reaches  of  highest  shear  stress 
move  from  step  or  riffle  reaches  during  low  flows 
to  pools  during  high  flows  (Emmett  et  al.  1983; 
Petit  1987).  If,  therefore,  a  relationship  between 
forces  of  flow  and  bedload  transport  is  to  be  es- 
tablished, the  forces  of  flow  need  to  be  measured 
in  their  spatial  variability.  However,  such  meas- 
urements necessitate  an  array  of  measuring 
devices  and  a  large  measuring  crew,  none  of 
which  was  available  during  the  field  seasons  at 
Squaw  Creek  between  1986  and  1988.  Therefore, 
only  relationships  between  bedload  transport  and 
water  discharge  within  the  entire  cross-section 
were  analyzed. 

Based  on  the  analysis  by  Grass  (1970),  Raud- 
kivi  (1976)  and  Zanke  (1990)  developed  a 
probability  approach  that  predicts  the  range  and 
distribution  of  spatially  arbitrary  distributed  flow 
conditions  within  a  reach.  This  approach  was  not 
pursued  at  Squaw  Creek,  since  the  spatial  vari- 
ability of  flow  conditions  is  not  arbitrarily 
distributed  but  follows  certain  spatial  and  tempo- 
ral patterns  that  are  dependent  on  stream 
morphology  and  discharge. 


4.2  Measurements  of  Hydraulic  Parameters 
at  Squaw  Creek 

In  order  to  determine  flow  discharge,  and  in 
order  to  be  able  to  calculate  other  flow  parameters 
used  in  the  literature  to  quantify  the  forces  of 
flow,  the  following  hydraulic  parameters  were 
measured  for  the  investigations  of  bedload  trans- 
port during  the  field  seasons  of  1986  and  1988: 

•  several  staff  gages  and  stage  recorders, 

•  cross-sectional  flow  velocities, 

•  cross-sectional  water  depth, 

•  stream  width, 

•  stream  gradient  over  a  17.3  m  reach, 

•  suspended  sediment  concentration,  and 

•  water  temperature. 

4.2.1  Gage  heights,  flow  velocities,  and  water 
discharge 

Water  level  was  recorded  by  a  Stevens  and 
Leopold  float  stage  recorder  at  the  left  side  of  the 
stream  at  the  downstream  side  of  the  vehicle 
bridge  (Section  3.5.)  .  The  float  moves  inside  a  cul- 
vert from  which  a  2  m  pipe  extends  diagonally 
downstream  into  the  flow.  In  order  to  compensate 
for  laterally  shifting  flow,  additional  readings 
were  taken  in  2-hour  intervals  at  two  staff  gages 
on  both  downstream  sides  of  the  bridge. 

Flow  velocities  in  1986  were  measured  at  two 
locations  in  the  stream  and  with  two  different  de- 
vices. One  device  was  a  suspended  Ott  current 
meter,  which  was  lowered  into  flow  from  the 
downstream  side  of  the  vehicle  bridge  using  a 
small  crane  (fig.  3.13).  The  propeller  is  attached  to 
a  35  kg  hydrodynamically-shaped  body  of  lead 
with  a  foot  that  is  set  onto  the  stream  bottom.  All 
measurements  were  performed  as  one-point 
measurements  at  40%  of  the  water  depth.  The 
crane-suspended  Ott  current  meter  has  the  advan- 
tage that  no  device  has  to  be  held  by  man  power 
into  the  flow  which  can  reach  velocities  of  2  m/s. 
The  disadvantage  of  this  method  is  the  high  posi- 
tion of  the  lowest  possible  measurement  (17  cm 
above  ground). 


Measurements  of  turbulence  near  the  stream  bottom  have  been  performed  at  Squaw  Creek  by  J.J.  Williams  and  PA.  Carting  during  the  field  season 
in  1991  and  1992  (Carling  et  al.  1993)  using  an  electromagnetic  current  meter. 


This  stage  recorder  had  been  installed  by  the  U.S.  Forest  Service  who  collected  stream  flow  data  from  1959  to  1986.  In  later  years  this  stage  recorder 
was  run  by  the  Squaw  Creek  measuring  crews. 
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The  Ott  current  meter  mounted  on  a  wading 
rod  was  used  either  directly  in  a  stream  cross-sec- 
tion or  down  from  one  of  the  various  catwalks 
attached  to  the  bridge.  Usually,  the  one-point 
method  was  used  for  all  vertical  measurements, 
except  for  a  few  measurements  of  velocity  profiles 
carried  out  in  10  cm  depth  increments  directly  in 
the  stream  cross-section. 

All  of  these  catwalk  locations  were  unsatisfac- 
tory for  flow  velocity  measurements  because  local 
flow  conditions  were  either  characterized  by  high 
velocities  and  low  flow  depths,  or  by  high  turbu- 
lence and  upwelling  water  at  the  downstream 
side  of  the  bridge. 

In  1988,  Paul  Carling  and  Mark  Glaister  used  a 
rod  with  six  vertically  mounted  propellers  to 
measure  detailed  velocity  profiles.  Sequential 
stream  flow  measurements  were  done  in  the  same 
cross-section  in  which  P.  Ergenzinger  and  T.  Berry 
measured  the  cross-sectional  variation  of  rough- 
ness and  channel  change  (Section  4.3.3;  Figures 
4.6a-b). 

All  of  these  flow  velocity  measurements  fail 
when  flow  velocities  are  high.  The  physical  limit  of 
operation  at  Squaw  Creek  is  reached  at  bankfull 
flows.  The  current  meter  on  a  wading  rod  can  no 
longer  be  held  in  the  flow,  neither  by  standing  in  the 
stream  nor  down  from  a  flimsy  catwalk.  The  sus- 
pended current  meter  becomes  likewise  unusable 
because  it  starts  to  randomly  swing  in  the  flow3. 

Flow  velocity  and  depth  measurements  dur- 
ing less  than  bankfull  flows  were  generally 
performed  in  0.5  m  intervals  across  the  stream 
width.  Measurements  were  repeated  once  or  twice 
daily  (or  nightly,  respectively),  depending  on  the 
variation  of  stage  height.  Water  discharge  was  de- 
termined from  the  velocity  measurements.  Using 
the  continuous  stage  records  and  a  separate  stage- 
discharge  relationship  each  year  allowed  us  to 
establish  the  hydrographs  for  1986  and  1988. 

4.2.2  Water  surface  gradient 

The  water  surface  gradient  was  measured  us- 
ing two  tube  levels.  The  measuring  principle  of 
tube  levels  is  explained  in  Figure  4.2.  The  up- 
stream ends  of  two  garden  hoses  were  placed 
17.3  m  apart  on  the  left  bank  upstream  from  the 
measuring  reach.  The  hose  ends  were  staked  to 
the  stream  bottom  perpendicular  to  flow.  The 


hoses  were  then  run  along  the  stream  bank  down 
to  the  measuring  site,  where  both  hoses  were  bent 
vertically  upwards  and  fastened  on  a  board  next 
to  a  meter  stick.  The  water  level  in  the  hoses  indi- 
cates the  height  of  the  water  surface  in  the  stream 
above  the  hose  ends.  The  difference  between  the 
two  water  level  readings  in  the  hoses  divided  by 
the  distance  between  the  two  hose  ends  gives  the 
water  surface  slope  over  the  reach  between  the 
two  hoses.  The  position  of  the  tube  levels  is  pic- 
tured in  Figure  3.9  (see  culverts  on  the  banks)  and 
indicated  on  the  maps  in  Figures  3.7  and  3.8. 


4.2.3  Fluid  density  and  viscosity 

Water  temperature,  electric  conductivity,  and 
turbidity  were  either  registered  continuously  or 
readings  were  taken  in  1-to  2-hour  intervals  to  de- 
termine density  and  viscosity  of  the  water.  In  or- 
der to  ensure  that  the  water  for  turbidity 
monitoring  represents  the  average  cross-sectional 
suspended  sediment  concentration,  a  water  pump 
was  attached  to  a  raft  and  positioned  into  the  tur- 
bulent flow  under  the  measuring  bridge  (fig. 
3.13).  Water  was  pumped  from  here  continuously 
into  a  Hach  turbidity  meter,  installed  in  an  instru- 
ment shelter,  and  from  there  back  to  the  stream. 
When  turbidity  changed,  width-  and  depth-inte- 
grated suspended  sediment  samples  were  taken 
using  a  DH-84  sampler.  Several  rating  curves  be- 
tween turbidity  and  suspended  sediment  concen- 
tration had  to  be  established  to  account  for  the 
variable  composition  of  suspended  matter  during 
the  course  of  the  high  flows.  A  continuous  record 
of  suspended  sediment  concentration  was  thus 
obtained. 

During  the  course  of  snowmelt  high  flow 
water  temperature  varied  between  4°  and  13°C. 
The  effect  of  changes  in  water  temperature  on  the 
water  density  is  so  minimal  (Gertsen  et  al.  1974: 
213)  that  water  temperature  is  not  accounted  for 
in  any  fluid  density  consideration.  The  same  is 
true  for  the  concentration  of  dissolved  matter, 
which  at  Squaw  Creek  is  mainly  calcium  bicar- 
bonate in  concentrations  of  roughly  100  mg/1 
(Ergenzinger  1984).  The  highest  suspended  sedi- 
ment concentration  measured  in  1986  and  1988 
reached  1.6  g/1.  This  value  is  likewise  too  small  to 
affect  the  water  density  relevantly. 


3 

The  substantial  measuring  bridge,  newly  installed  in  1990,  makes  it  possible  to  carry  out  flow  velocity  measurements  in  higher  flows,  since  the  rod 
can  be  wedged  into  notches  and  the  bridge  with  its  railing  provides  a  firm  stand  for  the  operators. 
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The  kinematic  viscosity  (v)  of  water  increases 
with  water  temperature  and  is  0.0125  cm2/s  for 
4°C  and  0.0155  cm2/s  for  13°C.  This  effect  is  also 
considered  to  be  negligible. 


4.3  Sedimentological  Analyses 
4.3.1  Particle  weight 

The  hydraulic  forces  propagating  entrainment 
are  counteracted  by  particle  weight.  Particle 
weight  is  a  function  of  particle  density  and  parti- 
cle volume.  The  lengths  of  the  three  particle  axes 
have  to  be  known  if  volume  is  determined  from 
particle  dimensions.  If  particle  shape  is  not  too 
different  from  a  sphere,  particle  dimensions  can 
be  approximated  by  the  length  of  the  b-axis  (parti- 
cle diameter). 


4.3.2  Particle  stability 

Besides  particle  weight,  entrainment  is  largely 
determined  by  particle  stability.  Einstein  (1937: 
67)  remarked  that  "...the  behavior  of  a  single  par- 
ticle in  flow  is  not  only  dependent  on  the 
hydraulic  conditions,  but  is  also  highly  influenced 
by  the  sedimentary  conditions  of  the  surrounding 
channel  bottom."4 

Particle  stability  does  not  only  result  from  the 
particle  rank  within  the  grain-size  spectrum 
(fig.  4.1).  Even  particles  of  the  same  grain-size  can 
exhibit  different  stabilities.  The  absolute  and  the 
relative  size,  as  well  as  the  position  to  neighboring 
particles  causes  favorable  or  unfavorable  condi- 
tions for  stability,  or  entrainment,  respectively. 

Several  approaches  have  been  tried  to  quan- 
tify the  stability  of  a  particle  among  neighboring 
particles.  Einstein  (1950)  applied  the  hiding  fac- 
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d  1  water  surface  level  indicated  by  upper  slope  tube 

d  2  water  surface  level  indicated  by  lower  slope  tube 

x  1  length  of  upper  slope  tube 

x  2  length  of  lower  slope  tube 


Figure  4.2  -  The  measuring  principle  of  tube  levels  to  measure  water  surface  slopes  (Bunte  1984:  73). 


Translation  of  citation  "...daft  das  Verhalten  des  einzelnen  Steins  im  bewegten  Wasser  nicht  nur  von  den  hydraulischen  Bedingungen,  sondem  auch 
wesentlich  von  derArt  der  umgebenden  Sohle  beeinfluftt  wird. " 
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tor,  while  Fenton  and  Abbott  (1977)  expressed  sta- 
bility by  relative  protrusion.  Andrews  (1983), 
Hammond  et  al.  (1984),  Bathurst  (1987),  and 
Wiberg  and  Smith  (1987)  describe  in  the  so-called 
Andrews'  plot  how  the  critical  shear  stress 
needed  for  the  entrainment  of  a  certain  particle 
size  (D,)  from  a  grain-size  mixture  decreases  as  the 
grain  size  of  the  entrained  particle  increases.  The 
grain  size  of  the  entrained  particle  (D,)  is  normal- 
ized by  putting  it  into  relation  with  the  median 
grain  size  (D50)  of  the  channel  bottom  material  to 
obtain  the  relation  D,/D5u- 

Komar  and  Li  (1986),  Komar  (1987,  1988),  and 
James  (1990)  use  the  pivot  angle  to  quantify  parti- 
cle stability.  The  pivot  angle  is  the  angle  a  particle 
has  to  overcome  as  it  rolls  over  the  next  particle, 
which  is  partly  under  and  partly  in  front  of  it.  The 
authors  confirm  the  relatively  high  mobility  of 
large  particles  and  show  for  different  sediment 
mixtures  that  higher  shear  stresses  than  indicated 
in  the  Shields  diagram  are  needed  to  entrain  small 
particles  (<  D50),  while  particles  >  D5U  require 
lower  shear  stresses  than  indicated  in  the  Shields 
diagram,  which  is  based  on  unit  sediment  size. 
Ferguson  et  al.  (1989)  made  similar  observations 
for  sandy  sediment  mixtures  in  a  braided  stream 
where  particles  coarser  than  sand  were  usually 
more  favorably  transported.  This  transport  advan- 
tage of  coarse  particles  can,  of  course,  only  extend 
to  that  grain  size  for  which  the  flow  has  the  com- 
petence. All  larger  particles  remain  in  place  and 
lead  to  a  surface  armoring. 

Another  aspect  of  particle  stability  refers  to 
particle  clusters.  Brayshaw  et  al.  (1983),  Reid  et  al. 
(1984),  Reid  and  Frostick  (1984),  Brayshaw  (1985), 
and  Billi  (1988)  found  generally  less  favorable 
conditions  of  entrainment  and  transport  for  parti- 
cles that  were  part  of  particle  clusters5.  Particle 
shape  and  sphericity  also  affect  entrainment  and 
transport  rates  (Komar  and  Li  1986;  Gintz  1990; 
Schmidt  and  Ergenzinger  1992;  Schmidt  et  al. 
1992;  James  1990;  Carling  et  al.  1992).  None  of 
these  aspects  will  be  acknowledged  in  this  study. 

All  of  these  studies  on  particle  stability  indi- 
cate that  bedload  transport  with  its  specific 
grain-size  distribution  and  its  temporal  variability 
is  affected  by  the  particle-size  distribution  of  the 
river  bottom.  This  size  distribution  causes  the 


variability  of  particle  stability  and  entrainment, 
and  thus  different  transport  intensities  of  particles 
of  different  grain  sizes.  The  coarser  and  the  wider 
the  grain-size  spectrum  of  the  river  bed,  (i.e.,  the 
rougher  a  mountain  stream  bed),  the  larger  the 
inhomogeneity  of  the  stream  bottom  with  respect 
to  entrainment  conditions  and  transport  inten- 
sity6' 

The  roughness  of  the  stream  bed  is  usually  de- 
scribed by  either  grain  roughness,  which  is 
characterized  by  a  statistically  relevant  grain-size 
diameter  (usually  D50  or  DS4),  or  by  relative  rough- 
ness, which  is  the  ratio  of  grain  roughness  and 
water  depth  (e.g.,  D50/d).  Carling  (1983),  Bathurst 
(1985),  and  Wiberg  and  Smith  (1987),  for  example, 
point  out  that  the  flow  forces  needed  for  entrain- 
ment (e.g.,  the  mobility  number)  become  lower 
the  larger  the  relative  roughness  is,  and  the  rela- 
tive roughness  decreases  with  increasing  flow. 
However,  all  of  these  studies  can  only  indirectly 
infer  the  variability  of  relative  roughness  from  a 
change  in  water  depth.  The  temporal  and  spatial 
variability  of  the  channel  bottom  grain  roughness 
itself  which  is  attributable  to  the  variability  of  the 
channel  grain-size  distribution  can  usually  not  be 
observed  during  high  flows. 

4.3.3  Spatial  and  temporal  variability  of 
roughness 

The  spatial  variation  of  the  grain-size  distribu- 
tion at  the  stream  bottom  could  be  analyzed  if  a 
rather  large  measuring  effort  was  made.  Detailed 
grain-size  analyses  could  be  carried  out  by  sam- 
pling the  stream  bed  during  low  flows  (e.g., 
Mosley  and  Tindale  1985;  Klingeman  and  Emmett 
1982).  Another  method  is  the  photo  sieving  proce- 
dure (perfected  by  Ibbeken  and  Schleyer  1986) 
where  photos  of  the  pebble  and  cobble  cover  of 
the  stream  bottom  are  digitized  and  areal  percent- 
ages covered  by  a  certain  grain-size  class  are 
computed.  A  computer  program  then  converts 
these  fractional  cover  percentages  into  a  channel 
bottom  grain-size  distribution. 

The  stream  channel  grain-size  distributions  to 
which  this  study  refers  were  determined  by  Cus- 
ter et  al.  (1987)  and  Bugosh  (1988)  during  low 
flows.  The  need  existed  to  develop  new  measur- 


The  construction  and  destruction  of  particle  clusters  under  various  flow  conditions  was  examined  at  Squaw  Creek  by  De  Jong  and  Ergenzinger  in 
1991  and  1992  (De  Jong  1993). 


The  above  considerations  do  not  include  the  aspect  of  sediment  supply.  A  high  supply  of  fine-grained  sediment  to  a  rough  stream  bed  would  probably 
result  in  high  transport  rates  of  fine  material  once  the  interstices  are  filled. 
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ing  techniques  that  would  register  the  spatial  and 
temporal  variation  of  grain  and  form  roughness 
or  relative  roughness,  respectively,  which  affect 
the  energy  balance  of  the  stream  and  are  likewise 
affected  by  the  energy  balance.  These  techniques 
need  to  be  fast,  work  for  both  grain  and  form 
roughness,  and  be  applicable  during  high  flow 
conditions  with  bedload  transport. 

First  experiences  with  such  a  cross-sectional 
profiling  device  were  gathered  at  Squaw  Creek  by 
Ergenzinger  and  Berry  in  1988  (Berry  1988).  The 
methodology  (explained  in  Section  4.5.2)  made  it 
possible  to  determine  the  spatial  and  temporal 
variation  of  the  channel  bottom  shape  and  rough- 
ness along  a  cross-section  during  a  high  flow 
event  (fig.  4.6).  The  methodology  was  further  de- 
veloped by  Ergenzinger  and  Stiive  (1989),  and 
Ergenzinger  (1992)  who  expressed  channel  bot- 
tom roughness  by  k3-values7.  The  spatially  and 
temporally  variable,  dynamic  k3-value  can  then 
be  integrated  into  various  roughness  analyses  in- 
stead of  a  relevant  grain-size  diameter8. 

4.4  Sedimentological  Measurements 

Only  a  few  measurements  of  coarse  bedload 
transport  exist  in  natural  streams.  Even  more  rare 
are  temporally  high  resolution  or  continuous 
measurements,  which  make  it  possible  to  analyze 
the  temporal  variability  and  the  grain-size  spec- 
trum of  the  transported  material.  In  order  to 
obtain  data  sets  that  would  facilitate  such  analy- 
ses, several  sedimentological  parameters  were 
measured  at  Squaw  Creek  during  the  field  sea- 
sons of  1986  and  1988: 

•  temporal  variation  of  coarse  bedload  trans- 
port, 

•  grain-size  distribution  of  transported  mate- 
rial and  gravel  bar  deposits, 

•  particle  transport  rates, 

•  spatial  and  temporal  variation  of  bedload 
grain  sizes  within  a  cross-section, 


•  and  partially:  temporal  and  spatial  variation 
of  cross-section  geometry  and  roughness. 

Before  sampling  methods  and  sedimentologi- 
cal analyses  used  at  Squaw  Creek  are  described, 
field  techniques  that  facilitate  a  continuous  or 
high  temporal  resolution  record  of  coarse  bedload 
transport  will  be  reviewed. 

4.4.1  Techniques  for  determination  of  coarse 
bedload  transport  under  natural  conditions 

Manual  bedload  samples  can  be  taken  repeat- 
edly and  over  extended  time  periods  using 
bedload  samplers  (Emmett  1980*9;  Emmett  et  al. 
1982*;  Jackson  and  Beschta  1982;  Gomez  1983; 
Pitlick  and  Thome  1987;  Kuhnle  et  al.  1989),  but 
this  procedure  is  very  time-  and  labor-consump- 
tive while  the  temporal  resolution  is  limited. 

Indirect  automated  methods  measure  signals 
that  produced  by  bedload  transport.  Schlatte 
(1984),  Heathershaw  and  Thorne  (1985*),  Thome 
et  al.  (1989),  and  Williams  et  al.,  (1989b*)  used  a 
hydrophone  to  register  acoustic  signals  during 
bedload  transport.  Shock  waves  created  by  bed- 
load  bumping  over  a  steel  plate  can  be  registered 
by  piezoelectric  sensors  (Banzinger  and  Burch 
1990).  Lenzi  et  al.  (1990)  and  D'Agostino  (1994*) 
used  ultra  sound  waves  to  continuously  scan  the 
volume  of  bedload  that  accumulated  in  a  large 
debris  trap.  The  magnetic  tracer  technique  makes 
use  of  artificially  magnetic  (Ergenzinger  and  Con- 
rady  1982;  Arkell  et  al.  1983;  Reid  et  al.  1984)  or 
naturally  magnetic  tracers  (Section  4.4.2)  which, 
induce  signals  as  they  pass  a  detector  in  the 
stream  bottom.  None  of  these  procedures,  how- 
ever, makes  it  possible  to  continuously  register 
the  grain  sizes  of  bedload  transport. 

Automated  and  direct  measurements  of  the 
transported  bedload  can  be  achieved  by  a 
weighable  bedload  trap  that  monitors  continu- 
ously the  summed  weight  of  the  collected 
sediment  (Reid  and  Frostick  1984,  1986;  Reid  et  al. 
1985;  Lewis  1991*).  However,  the  size  of  the  trap 
often  determines  the  duration  of  the  monitoring, 


A  k3-value  is  the  larger  of  the  two  differences  of  three  neighboring  depths  readings.  Since  one  of  the  readings  is  replaced  by  a  new  reading  as  the 
measurements  proceed  across  the  stream  width,  each  width  increment  is  attributed  a  k3-value. 


Encouraging  results  regarding  the  measurability  of  the  temporal  variability  of  the  cross-sectional  micro-topography  during  high  flows  led  to  the 
development  of  a  more  stable  device  for  Squaw  Creek  in  1991.  The  new  device  is  firmly  attached  to  a  bridge  and  provides  a  better  reproducibility 
of  measurements.  Detailed  measurements  of  the  cross-sectional  stream  topography,  its  temporal  change  and  association  with  bedload  transport 
were  performed  at  Squaw  Creek  by  De  Jong  and  Ergenzinger  in  1991  and  1992  (De  Jong  1993;  Ergenzinger  et  al.  1994). 


Citations  with  an  asterisk  (*)  were  added  during  translation. 
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because  the  traps  can  be  filled  to  capacity  before 
the  end  of  a  high  flow  event. 

This  problem  does  not  occur  in  well  equipped 
vortex  or  conveyor  belt  samplers.  These  samplers 
collect  the  entire  bedload  in  a  trap,  usually  a  semi- 
circular tube,  which  is  fitted  flush  into  a 
concrete-lined  stream  bottom  and  which  runs  di- 
agonally across  the  channel  width.  A  spiraling 
flow  develops  in  this  "vortex  tube"  and  carries 
sediment  to  the  side  of  the  stream  where  the  water 
and  sediment  mixture  gushes  from  an  outlet  in  a 
retention  wall  into  a  sediment  collection  pit.  A 
conveyor  belt  in  the  trap  can  support  the  lateral 
transport  of  bedload  towards  the  collection  pit. 
After  the  sediment  has  been  weighed  or  sampled 
for  further  analyses,  the  surplus  sediment  is  auto- 
matically carried  back  to  the  stream.  These 
expensive  and  sophisticated  devices  have  only 
been  installed  in  a  few  streams:  Oak  Creek  in  Ore- 
gon (Milhous  1973*);  Torlesse  Stream  in  New 
Zealand  (Hayward  and  Sutherland  1974*;  Hay- 
ward  1980*);  East  Fork  River  in  Wyoming 
(Leopold  and  Emmett  1976,  1977;  Emmett  1980*; 
Emmett  et  al.  1980*;  Klingeman  and  Emmett 
1982);  and  in  Virginio  Creek  in  Italy  (Tacconi  and 
Billi  1987)10.  A  large  part  of  the  present  analyses 
of  the  grain-size  distribution  of  coarse  material 
bedload  transport  is  still  based  upon  a  data  set 
that  was  collected  by  Milhous  (1973)  in  the  begin- 
ning of  the  1970's  and  that  since  then  has  been 
reanalyzed  in  several  publications.  It  is,  however, 
not  recommendable  to  base  a  large  portion  of  the 
analyses  of  bedload  transport  grain-size  distribu- 
tions on  a  data  set  collected  at  a  single  stream. 
Data  sets  suitable  for  detailed  analyses  need  to  be 
collected  in  several  different  streams  to  account 
for  different  bedload  processes  in  different  stream 
types.  Understandings  about  bedload  transport 
gathered  in  one  stream  are  not  necessarily  trans- 
ferable to  a  different  stream  type. 

During  the  Squaw  Creek  study,  bedload  trans- 
port was  measured  using  two  different  systems: 

•  continuously  with  the  magnetic  tracer  tech- 
nique in  order  to  analyze  the  temporal 
variability  of  bedload  transport,  and 

•  episodic  and  consecutively  using  a  Helley- 
Smith  and  a  net-bedload  sampler  in  order 
to  compare  signal  rates  and  actual  particle 
transport  rates  and  in  order  to  analyze  the 


variability  of  grain-size  distributions  of 
coarse  bedload  transport. 

4.4.2  Magnetic  tracer  technique 

Among  the  various  tracer  techniques  that  can 
be  used  for  coarse  bedload  (Bunte  and  Ergenzin- 
ger  1989),  the  magnetic  tracer  technique  was 
appropriate  for  the  conditions  at  Squaw  Creek, 
because  about  70%  of  the  pebbles  and  cobbles  are 
naturally  magnetic  and  can  serve  as  natural  trac- 
ers. 

4.4.2.1  Development  of  the  magnetic  tracer 
technique  used  at  Squaw  Creek 

The  development  of  the  magnetic  tracer  tech- 
nique to  detect  coarse  material  bedload  transport 
goes  back  to  Ergenzinger  and  Conrady  (1982).  The 
technique  is  based  on  the  Faraday  Induction  Prin- 
ciple: a  magnet  passing  a  coil  induces  a  voltage 
peak.  The  voltage  change  over  time  takes  a  sine- 
wave  like  form.  Ergenzinger  and  Conrady  (1982) 
used  artificially  magnetic  tracers  in  their  early  ex- 
periment in  a  braided  river  in  Calabria  (southern 
Italy).  They  drilled  holes  into  cobbles  and  inserted 
magnets.  Since  this  was  a  tedious  and  non-practi- 
cal enterprise,  Squaw  Creek  was  discovered  as  a 
site  where  naturally  magnetic  rocks  could  be  used 
as  natural  tracers.  First  experiences  of  these  stud- 
ies were  made  by  Ergenzinger  and  Custer  (1982, 
1983)  who  amplified  and  registered  voltage  sig- 
nals induced  by  magnetic  tracers  as  they  passed  a 
detector  log  installed  in  the  bottom  of  the  stream. 
First  results  regarding  the  temporal  variation  of 
bedload  signals  were  demonstrated  by  Custer  et 
al.  (1986, 1987). 

This  early  detection  system  (Ergenzinger  and 
Custer  1982,  1983;  Custer  et  al.  1986,  1987)  needed 
to  be  improved  in  several  aspects  to  meet  the  fol- 
lowing requirements: 

•  bedload  transport  should  be  measurable  in 
its  spatial  variability  across  the  stream 
width, 

•  the  signal-noise  difference  should  be  in- 
creased, 

•  electronic  noise  should  be  reduced,  and 

•  a  computer-based  processing  of  the  re- 
corded signals  should  be  achieved. 


10 

Experiments  have  been  carried  out  with  a  suspended  vortex  sampler  at  Squaw  Creek  in  1992.  A  flume  of  about  1.5  m  width  attaches  at  the  overflow 
directly  beyond  the  detector  log.  This  flume  leads  the  water  and  sediment  mixture  into  a  vortex  tube  at  the  end  of  the  flume.  The  vortex  tube  reaches 
to  a  shallow  bank  where  the  bedload  sediment  can  be  caught  in  baskets. 
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Spieker  (1988)  developed  a  new  magnetic 
tracer  detection  system  for  Squaw  Creek  in 
which  both  the  detector  log  as  well  as  the  elec- 
tronics were  completely  renewed.  The  new 
system  was  used  during  the  snowmelt  high  flow 
in  1986. 

4.4.2.2  Construction  of  the  new  measuring 
system1 1 

The  improvement  of  the  measuring  system 
started  with  the  development  and  construction  of 
a  new  detector  unit  in  the  stream  bottom.  Whereas 
the  old  detectors  comprised  physically  individual 
units,  which  were  prone  to  destruction  and  ero- 
sion, the  new  detector  unit  houses  its  electronics 
in  a  single,  large  wooden  log  that  spans  the  entire 
stream  width  (fig.  3.13)  and  is  held  in  place  by  the 
logs  at  the  foundations  of  a  vehicle  bridge  (fig. 
4.3).  The  detector  log  is  mantled  with  an  alumi- 
num cover  to  provide  some  protection  against 
abrasion.  The  flush  position  of  the  detector  log 
with  the  upstream  channel  bottom,  and  a  small 
overflow  on  the  downstream  side  of  the  log 
causes  accelerated  flow,  which  ensures  that  all 
particles  are  quickly  transported  over  the  detector 
log.  A  fast  particle  transport  over  the  detector  log 
is  not  only  essential  for  a  large  signal  amplitude, 
but  it  also  makes  sure  that  no  pebbles  are  trapped 
in  interstices  close  to  the  detector  log  where  they 
could  vibrate  and  cause  noise  signals. 

Two  parallel  notches  are  cut  into  the  upper 
side  of  the  detector  log  about  15  cm  apart.  Each 
notch  is  about  1  inch  wide  and  deep  and  houses 
10  coils  that  are  each  0.7  m  long.  Two  coils  are 
always  wired  together  and  form  a  unit  1.55  m 
long,  including  all  spaces  for  wires,  etc.  The  5  coil 
units  together  span  the  entire  stream  width  of  8.5 
m  at  the  bridge.  The  construction  plan  for  the  de- 
tector log  is  given  in  Figure  4.4.  In  order  to  ensure 
an  even  sensitivity  over  the  length  of  a  coil  unit, 
each  coil  unit  comprises  310  vertically  mounted 
chokes  ,  which  were  glued  into  plastic  u-profile 
slots  and  connected  in  series.  Each  unit  is  placed 
into  a  second,  slightly  larger  plastic  u-profile  slot 
where  some  space  is  allowed  for  the  wiring.  Fi- 
nally, the  entire  second  u-profile  slot  is  filled  with 
epoxy,  covering  coils  and  wires.  These  coil  units 
are  placed  end  to  end  into  the  notches  in  the  de- 


Figure  4.3  -  Detector  log  is  installed  flush  with  the  river  bed  and 
spans  the  entire  stream  width. 

tector  log.  After  all  the  wiring  is  in  place,  super- 
fluous space  in  the  notches  is  likewise  filled  to  the 
rim  with  epoxy. 

The  requirements  of  a  high  signal-noise  differ- 
ence implies  a  strong  amplification  of  the  small 
bedload  signals  but,  nevertheless,  electronic  noise 
should  be  suppressed.  One  way  to  solve  part  of 
this  problem  is  the  exclusion  of  at  least  externally 
derived  noise.  Therefore,  coils  were  placed  in  two 
parallel  rows.  Signals  that  occur  simultaneously 
on  both  the  upstream  and  the  downstream  coil, 
and  which  are  identical  in  their  course  over  time, 
are  identified  as  noise  (e.g.,  due  to  alternating  cur- 


11 

The  first  two  paragraphs  of  this  chapter  have  been  slightly  extended  during  translation  to  provide  a  little  more  detail  of  the  measuring  system.  For 
more  detail  regarding  the  construction  of  the  detector  log  see  the  thesis  by  Spieker  (1988).  The  second  detector  log  installed  at  Squaw  Creek  in 
1990  was  also  constructed  according  to  Spieker  (1988). 

~12 

A  choke  is  an  electronic  part,  less  than  half  the  size  of  a  sugar  cube;  coils  containing  thin  copper  wire  windings  on  a  ferric  core. 
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Figure  4.4  -  Cross-sectional  view  of  the  detector  log  (Spieker  1988:  33,  Spieker  and  Ergenzinger  1990). 


rent  in  the  power  supply  line,  radio  reception, 
lightning  strikes,  or  impacts  and  vibrations  of  the 
detector  log)  and  eliminated. 

The  time  difference  between  two  signals,  re- 
corded at  the  upstream  and  the  downstream  coils, 
can  be  used  to  calculate  the  velocity  of  the  particle 
that  crossed  the  detector  log.  The  temporal  vari- 
ation of  the  voltage  peak  that  is  induced  by  a 
magnetic  particle  as  it  passes  the  detector  log  is 
shown  in  Figure  4.5.  The  duration  of  a  bedload 
signal  (time  during  which  the  voltage  is  changed) 
is  0.2-0.3  s  for  grain  sizes  between  30  and  70  mm 


and  decreases  as  the  particle  transport  velocity  in- 
creased over  the  detector  log  during  higher  flows. 

4.4.2.3  Capacity  of  the  magnetic  tracer  device 

The  measuring  system  as  used  in  1986  was  set 
up  to  dependably  produce  signals  if  the  magnetic 
field  strength  of  the  passing  particle  exceeded  40 
gamma  (which  is  statistically  associated  with 
grain  sizes  >  30  mm).  Given  the  percentage  of 
magnetic  rocks  >  30  mm,  a  total  of  40%  of  the 
coarse  bedload  material  can  be  registered  at 
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Figure  4.5  -  Typical  signals  induced  by  natural  magnetic  tracers  from  Squaw  Creek  (Spieker  1988:  68). 


Squaw  Creek  when  using  the  magnetic  tracer 
technique. 

Analysis  was  needed  regarding  whether  the 
capacity  of  the  magnetic  tracer  technique  would 
suffice  to  register  particle  transport  rates  ex- 
pected at  Squaw  Creek  during  the  usual 
snowmelt  high  flows.  The  duration  of  a  signal  is 
0.2-0.3  s  or  less.  Let  us  assume  for  the  following 
considerations  that,  for  reasons  of  simplicity,  all 
particles  >32  mm  have  the  same  constant  veloc- 
ity as  they  pass  the  detector  log  because  flow  at 
that  location  is  accelerating.  If  all  particles  >32 
mm  take  0.25  s  to  register  their  signals,  a  maxi- 
mum of  4  particles  can  be  registered  per  second 
over  a  1.55  m  detector  unit.  This  equals  a  parti- 
cle transport  rate  of  160  pebbles  and  cobbles  per 
minute  per  meter  width.  The  largest  bedload 
transport  rate  measured  with  the  large  frame 
sampler  during  the  spring  high  flow  of  1988 
yields  a  transport  rate  of  43  pebbles  and  cobbles 
per  minute  per  meter  width  (Table  1).  A  com- 
parison between  these  two  values  shows  that  the 


capacity  of  the  magnetic  tracer  measuring  device 
is  generally  sufficient  for  conditions  during  usual 
snowmelt  high  flows.  The  limits  of  the  capacity 
will  only  be  reached  at  a  fourfold  increase  of  par- 
ticle transport  rates,  a  value  that  is  not  to  be 
expected  during  ordinary  snowmelt  high  flows. 

The  measuring  device,  including  concepts 
for  further  development,  is  described  in  more 
detail  by  Spieker  (1988),  Bunte  et  al.  (1987),  and 
Spieker  and  Ergenzinger  (1990) 
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Table  1.  Number  of  particles  transported  in  various  grain  size 
classes  during  the  highest  measured  transport  rate  in 
1988  ("usual"  spring  high  flow).  


Grain-size 
(mm) 


Number  of  particles 
(particles/mmin) 


32-45 
45  -  64 
64-90 
90-125 
125-180 


28 
12 

2 

0.7 
0.06 


total  of  particles  >  32  mm: 


43 


R.  Spieker's  concept  of  signal  registration  included  a  frequency  modulation  in  which  the  course  of  the  signals  (sine-wave-like  temporal  variation  of 
the  voltage  peak  induced  by  the  magnetic  particles)  was  transformed  into  the  temporal  variation  of  a  sound  that  was  then  stored  on  a  tape  recorder. 
This  procedure  should  ensure  that  not  only  the  count  of  a  signal  but  the  entire  course  of  a  signal  would  be  registered  and  could  be  used  for  a  further 
analysis  regarding  the  size  or  the  velocity  of  the  particle  that  caused  the  signal.  This  concept  did  not  work  for  the  continuous  registration  of  bedload 
signals  during  the  entire  high  flow  in  1986.  A  new  registration  system  for  bedload  signals  induced  by  the  magnetic  tracer  technique  was  designed 
in  1 990  and  1991  at  the  Technische  Fachhochschule,  Berlin,  by  U.  Achter  and  J.  Bruggmann  who  completed  a  Master's  degree  under  the  supervision 
of  Prof.  G.  Christaller  (Achter  and  Bruggmann  1991).  The  electronics  of  the  new  registration  system  are  linked  to  a  computer  that  counts  bedload 
signals  for  preset  time  intervals  and  provides  numerical  print-outs.  Signal  rates  were  recorded  for  a  few  days  during  the  high  flow  in  1991  (De  Jong 
1993;  Ergenzinger  et  al.  1994). 
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4.4.3  Analyses  of  the  bedload  signals 

Signals  from  several  detector  units  were  re- 
corded simultaneously  on  a  multi-channel  strip 
chart  recorder,  which  had  to  be  able  to  graphically 
present  the  fast  signals  in  a  readable  way.  Figure 
4.6a-b  shows  sections  of  the  original  strip  chart 
records.  A  continuous  registration  of  bedload  sig- 
nals over  a  period  of  several  weeks  shows 
fluctuating  signal  rates  and  amplitudes.  This 
makes  it  difficult  to  chose  an  optimum  speed  for 
the  paper  advance  and  the  degree  of  amplifica- 
tion, especially  when  one  cannot  be  present  at  the 
stream  to  estimate  the  sediment  transport  inten- 
sity. A  continuous  fast  paper  speed  can  lead  to 
problems  in  the  paper  advance  mechanism  and  to 
financial  constraints.  A  slow  paper  advance 
makes  it  difficult  to  distinguish  between  individ- 
ual signals.  When  the  measuring  system  was 
designed,  the  strip  chart  records  were  only  meant 
to  serve  as  a  visual  control  of  the  registration.  The 
paper  advance  was  therefore  usually  set  to  a 
rather  low  speed  of  1  mm/min.  Practically,  how- 
ever, the  entire  analyses  of  bedload  signals  had  to 
be  based  on  the  visual  analyses  of  the  strip  charts 
(counting  signals  under  a  magnifying  glass).  Each 
signal  is  only  depicted  as  an  impulse  that  denotes 
the  amplitude  of  the  signal.  The  size  of  the  parti- 
cle cannot  be  inferred  from  the  signal  amplitude, 
because  signal  amplitudes  are  a  function  of  sev- 
eral parameters: 

•  magnetic  field  strengths  of  the  particles, 

•  distance  between  the  particles  and  the  de- 
tector log, 

•  velocity  of  the  particles  as  they  pass  the  de- 
tector log,  and 

•  orientation  of  the  magnetic  axes  of  the  pass- 
ing particles  in  relation  to  the  detector  axis. 

Although  Spieker  (1988)  and  Spieker  and  Er- 
genzinger  (1990)  suggest  a  methodology  by  which 
to  deduce  particle  size  from  the  duration  of  the 
signal,  this  methodology  has  yet  to  prove  practi- 
cal. 


4.4.3.1  Determination  of  bedload  signal  rates 

Coarse  material  bedload  transport  of  magnetic 
particles  was  continuously  registered  on  the  cen- 
tral three  detector  units  with  the  magnetic  tracer 
device.  The  record  extends  over  a  period  of  al- 
most 3  weeks  (May  27-June  14)  during  snowmelt 
high  flow  in  the  spring  of  1986. 


Bedload  signal  rates  were  determined  from 
long  strip  charts  by  counting  signals  from  the 
detector  unit  7/8  in  the  thalweg  of  the  stream. 
Signals  were  summed  for  1-hour  intervals.  Only 
signals  with  an  amplitude  larger  than  1  mm 
were  counted,  and  no  further  differentiation 
was  made  for  larger  signal  amplitudes.  This  1- 
mm  threshold  value  was  introduced  because, 
during  times  with  high  signal  rates,  large  sig- 
nals could  be  counted  more  easily  and  more 
representatively  than  small  signals.  Time  inter- 
vals with  very  high  signal  rates  (>200  signals 
per  hour)  are  generally  difficult  to  quantify  by 
counting  signals  from  the  strip  charts. 

Noise  signals  stemming  from  lightning 
strikes  and  vehicles  can  be  easily  identified  and 
eliminated.  Bigger  problems  are  caused  by  noise 
attributable  to  differences  in  the  electric  poten- 
tial of  the  various  grounds.  The  ground  from  the 
power  supply  is  different  from  the  local  ground 
in  the  shelter,  which  is  again  different  from  the 
local  ground  in  the  stream.  Electronic  noise  is 
also  created  by  people  or  bedload  samplers 
moving  close  to  the  detector  log  or  by  other 
nonidentifiable  sources.  Usually,  noise  signals 
can  be  visually  identified,  but  they  cannot  al- 
ways be  electronically  prevented,  and  they 
interfere  with  the  signal  recording  and  the  vis- 
ual counting  process. 

In  order  to  find  out  how  well  counted  signal 
rates  correspond  to  actual  bedload  transport, 
counted  signal  rates  were  compared  with  various 
bedload  samples.  Problems  in  the  transformation 
of  signal  rates  to  bedload  transport  arise  from  sev- 
eral sources: 

•  the  determination  of  signal  rates  by  visual 
counting  can  be  problematic, 

•  the  statistical  minimum  particle  size  that 
can  be  recorded  under  high  flow  condi- 
tions is  not  known  (does  the  minimal 
recordable  particle  diameter  increase  or 
decrease?), 

•  signal  amplitudes  do  not  translate  into 
particle  size  (Section  4.4.3),  and 

•  the  relation  between  signal  rates  and  bed- 
load  transport  rates  is  not  known  because 
small  particles  are  not  recorded  and  be- 
cause the  percentage  of  small  particles  in 
bedload  transport  is  variable. 

Signal  rates  were  therefore  compared  with 
several  data  sets  of  bedload  samples. 
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Figure  4.6  -  Parts  of  strip  chart  records  with  signals  from  magnetic  bedload  particles. 
Similar  bedload  transport  intensities  recorded  with: 

a)  fast  paper  advance  of  5  mm/min, 

b)  slow  paper  advance  of  1  mm/min. 
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4.4.3.2  Comparison  between  bedload  signal 
rates  and  temporally  close  bedload  transport 
rates 

The  necessarily  high  detector  sensitivity  made 
it  impossible  to  sample  bedload  with  a  Helley- 
Smith  sampler  close  to  the  detector  log  while 
signals  were  being  recorded.  The  electronic  noise 
produced  by  this  sampling  disturbed  the  registra- 
tion badly.  A  comparison  between  signal  rates 
and  simultaneous  bedload  transport  rates  is  there- 
fore not  possible. 

Alternatively,  an  attempt  was  made  to  com- 
pare signal  rates  with  bedload  transport  rates  that 
were  sampled  with  a  3-inch  Helley-Smith  sampler 
half  an  hour  before  or  after  the  registration  of  sig- 
nal rates.  This  attempt  failed  for  two  reasons:  a) 
the  small  Helley-Smith  sampler  is  inappropriate 
for  sampling  pebble  and  cobble  transport,  and  b) 
the  signal  rates  fluctuate  so  much  within  half- 
hour  time  spans  (fig.  4.7)  that  it  is  not  possible  to 
compare  signal  rates  with  temporally  slightly 
lagged  bedload  transport.  It  had  been  planned  for 
the  next  year's  spring  high  flow  to  sample  bed- 
load  transport  with  the  large  net-sampler, 
simultaneously  with  the  registration  of  bedload 
signals.  However,  flows  were  not  large  enough 
during  the  spring  high  flow  in  1987  to  transport 


pebbles  and  cobbles.  A  calibration  attempt  could 
also  not  be  repeated  in  the  spring  of  1988  because 
the  magnetic  tracer  device  malfunctioned  and 
could  not  be  repaired.  A  different  approach  had  to 
be  found  to  investigate  the  relation  between  signal 
rates  and  bedload  transport. 

4.4.3.3  Comparison  between  signal  rates 
(1986)  and  bedload  transport  rates  (samples 
taken  in  1988) 

Snowmelt  high  flows  in  1986  and  1988  were 
similar,  both  in  their  temporal  variation  as  well  as 
in  their  daily  peak  flows.  Both  high  flows  had 
been  preceded  by  years  in  which  flow  was  not 
large  enough  to  move  pebbles  and  cobbles.  This 
probably  provided  similar  sedimentary  condi- 
tions on  the  river  bed  for  both  years.  It  could  then 
be  assumed  that  bedload  transport  rates  during 
the  high  flows  in  1986  and  1988  are  similar  with 
respect  to  their  amounts  and  grain-size  composi- 
tion. Therefore,  an  attempt  was  made  to  compare 
bedload  signal  rates  registered  in  1986  with  bed- 
load  transport  rates  sampled  in  1988  during 
similar  flows. 

The  first  step  of  this  analysis  was  to  determine 
the  hourly  transport  rates  of  magnetic  rocks  in  the 
size  classes  >  32  mm  and  >  45  mm  for  bedload 
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Figure  4.7  -  Relation  between  signal  count  rates  and  bedload  transport  rates  determined  from  samples  taken  with  a  3-inch  Helley-Smith 
sampler:  QbSign  =  4.89  Q+  97;  r2=  0.12. 
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Figure  4.9  -  Relation  between  hourly  bedload  signals  rat 
water  discharge  (1986):  Qbsign  =  2.68E-7  Q     3,  r2  =  0 
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Figure  4.10  -  Relation  between  hourly  count  rates  of  magnetic 
particles  in  samples  from  the  net  sampler  (1988)  and  signal 
count  rates  (1986). 


samples  collected  with  the  large  net-frame  sam- 
pler in  1988.  These  numbers  were  plotted  versus 
the  discharge  values  at  the  time  when  the  samples 
were  taken  (fig.  4.8).  Hourly  bedload  signal  rates 
registered  in  1986  were  likewise  plotted  versus 
discharge  (fig.  4.9).  Regressions  were  fitted  for 
both  the  relations.  The  data  scatter  is  necessarily 
large  for  both  sediment  transport-discharge  rela- 
tions, because  bedload  transport  is  highly  variable 
in  its  amount  and  grain-size  composition.  Using 


these  regressions,  the  number  of  particles  >32  and 
>45  mm  transported  per  hour  was  plotted  versus 
the  number  of  signals  per  hour  for  five  discharge 
values  between  4.5  and  6  m3/s  (fig.  4.10).  Perfect 
agreement  between  signal  count  rates  and  particle 
transport  rates  would  yield  a  plot  with  data 
points  along  the  diagonal.  However,  most  of  the 
data  plot  above  the  diagonal.  This  means  that  for 
large  discharges  the  number  of  magnetic  particles 
collected  in  the  sampler  exceeds  the  signal  count 
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rate  by  a  factor  of  2  for  particles  >45  mm  and  even 
by  a  factor  of  5  if  the  size  range  of  the  magnetic 
particles  includes  particles  down  to  the  size  of  32 
mm.  This  discrepancy  can  have  three  origins: 

•  the  minimum  grain  size  that  can  be  regis- 
tered dependably  by  the  magnetic  tracer 
technique  during  high  flows  is  45  mm  or 
more  instead  of  32  mm  as  suggested  by 
Spieker  (1988), 

•  particle  transport  rates  are  different  in  both 

years,  or 

•  a  systematic  mistake  was  made  when  count- 
ing signal  rates  on  the  strip  charts. 

The  latter  is  the  most  plausible  explanation.  It 
was  mentioned  earlier  (Section  4.4.3.1)  that  the 
counting  procedure  had  been  limited  to  large,  bet- 
ter discernible  signals  with  more  than  1  mm 
amplitude,  but  this  limitation  was  apparently  not 
strict  enought.  So  when  bedload  signal  rates  were 
tightly  spaced  on  the  strip  charts,  many  of  the 
small  "tick  marks"  must  have  been  overlooked. 
Thus,  counted  signal  rates  are  too  low  for  times  of 
high  bedload  transport. 

4.4.4  Representative  bedload  samples 

Representative  sampling  of  coarse  bedload  in 
mountain  streams  needs  to  meet  several,  usually 
incompatible,  demands.  Bedload  samples  need  to 
be 

•  large  enough  to  representatively  include  the 
large  sizes, 

•  taken  frequently  enough  to  account  for  tem- 
poral variability  of  bedload  transport, 

•  small  enough  to  be  maneuverable, 

•  taken  at  representative  locations, 

•  taken  with  "doable"  sampling  effort. 

Therefore,  coarse  material  bedload  sampling 
in  mountain  streams  presents  usually  a  compro- 
mise between  the  fulfillment  of  different 
demands. 

There  are  no  clear  rules  regarding  the  sample 
volumes  and  the  sampling  durations  of  bedload 
samples  for  representative  grain-size  analyses. 
Anastasi  (1984)  recommends  a  sample  volume  of 
0.25  m3  if  the  maximum  grain  size  is  100  mm.  Ib- 


beken  (1974)  suggests  for  the  same  Dmax  a  mini- 
mum weight  of  180  kg  or  a  collection  of  at  least  5 
individual  particles  per  grain-size  class.  The  Ger- 
man DVWK14  Bulletin  "Solid  Matter  Transport  in 
Streams"  (1988)  does  not  include  grain  sizes  as 
large  as  100  mm  in  its  recommendations  regard- 
ing necessary  bedload  sample  volumes.  Church  et 
al.  (1987)  indicate  necessary  sample  weights  for 
various  maximum  grain  sizes  and  degrees  of  ac- 
curacy in  their  Figure  3.9.  If  a  Dmax  of  100  mm  is  to 
be  represented  by  0.1%  of  the  sample  mass,  the 
total  mass  of  the  samples  needs  to  be  1,400  kg.  If 
the  accuracy  is  reduced  to  1%,  the  sample  mass 
can  be  reduced  to  140  kg.  Bedload  samples  that 
large  could  not  be  collected  during  high  flows  at 
Squaw  Creek. 

In  order  to  investigate  the  temporal  variation 
of  bedload  transport  and  its  grain-size  distribution, 
samples  have  to  be  taken  frequently  and  for  short 
intervals  (minutes)  only.  The  sampling  interval, 
however,  needs  to  be  long  enough  to  sample 
enough  material  for  a  grain-size  analysis  of  the 
coarse  fraction  of  bedload.  Besides,  the  practical  as- 
pect of  sampling  demands  that  samples  are  kept 
small  to  stay  maneuverable  in  a  fast  flowing  stream. 

Given  that  bedload  sampling  is  generally  only 
part  of  the  field  program,  it  is  nevertheless  dispro- 
portionally  labor-intensive  and  time  consuming. 
At  Squaw  Creek  it  took  the  combined  efforts  of 
three  persons  for  almost  an  hour  to  take  one  sam- 
ple of  coarse  bedload  with  the  large  frame 
net-sampler.  A  small  measuring  crew  is  another 
problematic  factor  for  bedload  sampling. 

4.4.4.1  Helley-Smith  sampler 

The  standard  sampler  for  bedload  is  the 
Helley-Smith  sampler  with  a  3  by  3  inch  or  a  6  by 
6  inch  opening  and  a  bag  that  holds  about  10  kg  of 
sediment  and  has  a  0.25  mm  mesh  width.  This 
sampler  and  its  sampling  properties  are  described 
in  detail  by  Emmett  (1980,  1981,  1982  and  1984). 
The  advantages  of  a  simple,  low-cost,  and,  if  flows 
are  shallow  and  low,  easy-to-handle  device  are 
counteracted  by  some  pronounced  disadvantages: 
if  the  channel  bottom  is  rough,  the  contact  be- 
tween sampler  and  channel  bottom  is  poor  and 
fine-grained  bedload  moves  in  the  gap  between 
the  sampler  and  the  channel  bottom.  A  constraint 
arising  from  the  special  conditions  at  Squaw 
Creek  was  that  the  metal  parts  used  in  the  sam- 
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pier  interfered  with  the  magnetic  tracer  technique. 
In  addition,  the  opening  of  7.6  cm  by  7.6  cm  is  too 
small  to  representatively  sample  pebble-  and  cob- 
ble-sized bedload.  This  limitation  can  only  be 
partially  overcome  by  using  a  larger  Helley-Smith 
sampler.  But  as  the  orifice  size  becomes  larger,  it 
becomes  increasingly  problematic  to  hold  the 
sampler  in  the  stream. 

During  both  high  flows  in  1986  and  1988  bed- 
load  samples  were  taken  using  a  3-inch,  and  some- 
times a  6-inch,  Helley-Smith  sampler  mounted  to  a 
wading  rod  in  order  to  determine  bedload  transport 
rates  and  its  fine  material  components.  Samples 
were  taken  from  a  catwalk  at  the  upstream  side  of 
the  vehicle  bridge  about  1  m  above  the  water  sur- 
face (fig.  3.13). 

Owing  to  the  sampling  conditions  mentioned 
above,  compromises  were  made  regarding  sam- 
pling intervals  and  frequencies  and  regarding  the 
sample  volumes.  Disregarding  the  recommenda- 
tions by  Emmett  (1988,  1981,  and  1984:  taking 
either  one  sample  each  0.5  m  or  at  least  20  samples 
per  cross-section),  sampling  was  limited  to  8 
cross-sectional  locations  spaced  1  m  apart.  Time 
constraints  demanded  this  reduction.  Sampling 
for  2  minutes  at  each  cross-sectional  location 
amounted  to  a  total  sampling  time  of  more  than 
30  minutes  per  cross-section. 

4.4.4.2  Net-bedload  sampler 

For  bedload  sampling  and  grain-size  analysis  at 
Squaw  Creek,  a  sampler  had  to  be  developed  that 
did  not  have  the  deficiencies  mentioned  above  for 
the  metal  Helley-Smith  sampler.  Following  prelimi- 
nary experiments  by  Ergenzinger  (1984)  with  a  bas- 
ket sampler  (Miihlhofer  1933)  a  large  net-sampler 
was  constructed  in  which  no  metal  parts  were  used. 
The  wooden  frame  of  the  sampler  fits  with  its  orifice 
of  0.3  m  by  1.55  m  exactly  over  the  width  of  one  of 
the  detector  units  on  the  stream  bottom  (Section 
4.4.2.2  and  fig.  3.13).  The  size  of  the  orifice  is  large 
enough  to  sample  even  the  coarsest  material  at 
Squaw  Creek,  and  large  volumes  of  sediment  can  be 
stored  in  the  huge,  3-m-long  net  with  1-cm  mesh 
width.  Thus,  all  particles  exceeding  the  grain-size 
class  11.2  mm  can  be  sampled  representatively  (fig. 
4.11a). 

Although  the  net  lets  pass  all  particles  <1  cm, 
the  mesh  width  was  purposefully  chosen  to  be  so 
large.  The  wide  mesh-width  lets  the  flow  pass  eas- 
ily through  the  net.  This  keeps  the  pressure 
against  the  sampler  at  a  minimum  and  ensures 
almost  identical  flow  conditions  inside  and  out- 
side the  sampler.  Unfortunately,  the  net-sampler 
requires  three  people  to  operate  it,  but  under  con- 


ditions of  high  flow,  this  net-sampler  is  more 
manageable  than  a  Helley-Smith  sampler,  and  it 
allows  one  to  collect  rather  large  sample  volumes. 

In  order  to  provide  a  secure  position  for  the 
net-sampler  during  the  sampling  interval,  two 
strong  wooden  posts  were  fastened  vertically  be- 
tween the  catwalk  and  the  stream  bottom  where 
they  were  wedged  between  some  logs  that  span 
the  stream  at  the  upstream  side  of  the  vehicle 
bridge.  The  flow  presses  the  frame  of  the  net-sam- 
pler firmly  against  the  wooden  posts  and  places  it 
securely  just  downstream  of  the  detector  unit  7/8 
in  the  thalweg  of  the  stream  (fig.  4.11b).  The  snug 
fit  of  the  sampler  with  the  wooden  logs  ensures 
that  no  sediment  can  escape  below  the  frame.  The 
net  floats  in  the  stream  at  the  downstream  side  of 
the  log  overflow.  After  the  sampling  time  is  over, 
the  frame  is  pulled  vertically  out  of  the  water,  us- 
ing a  come-along  that  is  fastened  at  the  railing  of 
the  vehicle  bridge.  When  the  frame  is  just  out  of 
the  water,  the  pressure  of  flow  against  the  sam- 
pler is  so  far  released  that  one  of  the  vertical  posts 
can  be  pulled  out.  The  frame,  held  by  a  thick  rope, 
floats  downstream,  pulling  the  net  behind.  An- 
other rope  pulls  the  frame,  including  the  net  and 
the  bedload  sample,  onto  the  next  shallow  bank 
where  the  contents  of  the  net  is  emptied  into 
buckets. 

One  measuring  cycle,  excluding  the  actual 
sampling  time,  takes  about  an  hour  and  requires 
the  full  strength  of  three  persons.  Sampling  inter- 
vals were  variable  and  lasted  between  5  minutes 
and  1.5  hours,  depending  on  the  expected  amount 
of  bedload  transport.  Apart  from  episodic  sam- 
ples, consecutive  samples  were  taken  each  2  hours 
during  two  long-term  sampling  series. 

4.4.5  Grain-size  analyses 

The  Helley-Smith  sampler  provided  sample 
sizes  between  20  g  and  6.3  kg.  The  grain-size  spec- 
tra reached  from  sand  to  small  cobbles.  Samples 
from  the  net-sampler  weighed  between  100  g  and 
90  kg.  The  b-axis  of  the  largest  sampled  cobble 
was  170  mm. 

The  sandy  samples  from  the  Helley-Smith 
sampler  were  first  oven-dried  (one  day  at  105°C) 
and  weighed,  then  the  organic  particles  (mostly 
conifer  needles  and  larval  cases  of  caddisflies) 
were  eliminated  by  repeated  washing.  Afterwards 
the  sample  was  dried  again  and  weighed  to  deter- 
mine the  organic  contents.  The  coarse  samples 
from  the  net-sampler  could  be  air-dried  and  or- 
ganic material  (mostly  twigs  and  pine  cones) 
could  be  picked  out. 
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Figure  4.1 1  -  Net-sampler  with  large  wooden  frame  for  coarse  bedload  at  Squaw  Creek: 

a)  sampler  with  0.30  m  by  1.55  m  opening  and  10  mm  mesh  width, 

b)  net-sampler  in  the  stream  causes  only  minor  flow  disturbance. 


Dynamics  of  Gravel-Bed  Rivers.  P.  Billi,  R.D.  Hey,  C.R.  Thorne,  P.  Tacconi  (editors), 
1992,  John  Wiley  &  Sons  Ltd.,  Chichester,  England,  Reproduced  by  permission  of  John 
Wiley  and  Sons  Limited. 
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All  samples  were  hand-sieved  using  wire 
mesh  sieves  in  0.5  0  intervals  and  the  individual 
grain-size  fractions  were  weighed.  Weight  and  di- 
mensions (the  three  axes)  of  cobbles  >  64  mm  was 
recorded  individually  for  each  particle.  The 
number  of  particles  was  determined  for  each  size 
fraction  >  11.2  mm. 

The  small  orifice  of  the  3-inch  Helley-Smith 
sampler  did  not  sample  the  coarse  fraction  of  the 
bedload  representatively.  Grain-sizes  were  there- 
fore only  grouped  into  three  fractions:  sand  (0.25  - 
2  mm),  fine  gravels  (2  -  22.4  mm)  and  coarse  grav- 
els (22.4  -  63  mm).  The  results  of  this  analysis  are 
presented  in  Table  2  in  the  appendix. 

4.4.5.1  Percentiles  and  grain-size  parameter 

The  cumulative  weight  percentages  of  individ- 
ual grain-size  fractions  (sieve  curves)  do  not  plot 
as  perfectly  straight  lines  on  probability  paper 
(fig.  4.12  a-d).  The  question  arises  whether  the 
samples  are  normally  (Gaussian)  distributed  or 
not.  The  procedure  developed  by  Schleyer 
(1987)15  was  used  to  determine  the  percentage 
agreement  of  the  sample  distribution  with  a 
Gaussian  distribution.  The  percentage  agreement 
ranged  between  86  and  98%  with  a  mean  of  94%. 
Grain-size  distribution  can  be  said  to  resemble, 
but  not  to  fit  exactly  a  Gaussian  distribution.  The 
percentage  fit  does  not  improve  for  Rosin-type16 
distributions. 

Although  grain  sizes  of  coarse  material  bed- 
load  samples  are  not  exactly  Gaussian  distributed, 
an  attempt  was  made  to  characterize  the  grain- 
size  distributions  using  a  standard  grain-size 
analysis.  The  grain-sizes  of  the  percentiles  D5,  D16, 
D25,  D50r  D75,  DS4,  and  D95  were  graphically  deter- 
mined from  the  plot  of  cumulative  weight 
percentages.  Not  all  of  the  sieve  curves  reached  84 
or  95%  in  the  probability  plot  because  the  weight 
of  the  largest  grain-size  class  often  accounted  for 
more  than  5%  of  the  total  weight.  These  truncated 
grain-size  distributions  required  that  the  respec- 
tive percentiles  were  determined  by  extrapolation. 

Fluvial  grain  size  distributions  are  generally 
described  by  the  Folk  and  Ward  (1957)  parame- 
ters. Another  option  is  provided  by  the  moment 


method  where  the  moments  1-4  describe  similar 
characeristics  as  the  parameters  "mean,"  "sort- 
ing," "skewness,"  and  "kurtosis."  "Mean,"  the 
coefficients  for  "sorting,"  "skewness,"  and  Dmax 
were  determined  for  all  samples  collected  with 
the  net-sampler.  Results  are  presented  in  Table  3a 
in  the  appendix.  The  same  analyses  were  carried 
out  for  the  coarse  part  (>1 1 .2  mm)  of  the  samples 
from  the  gravel  bar  and  the  stream  bottom. 

Results  and  discussion  of  these  grain-size 
analyses  are  presented  in  Section  5.5.3.  Compared 
to  the  Folk  and  Ward  (1957)  parameters,  the  mo- 
ments 1  to  4  (Schleyer  1987)  have  the  advantage 
that  no  high  percentiles  have  to  be  extrapolated  in 
truncated  grain-size  distributions.  The  moments 
were  calculated  using  a  computer  program  made 
by  R.  Schleyer17.  The  results  of  the  grain-size 
analyses  employing  the  moment  method  are  de- 
scribed in  Bunte  (1990)  and  are  not  repeated  in 
this  text.  The  results  are  similar  to  those  obtained 
by  the  Folk  and  Ward  (1957)  methodology,  which 
are  presented  in  this  text. 

4.4.5.2  Particle  transport  rates  -  an  alternative 
method  for  grain-size  analyses 

Besides  an  improvement  in  the  sampling 
technique  to  ensure  a  representative  sampling  of 
all  (coarse)  bedload  grain  sizes,  grain-size  analy- 
ses can  only  lead  to  comparable  and  detailed 
results  (Section  5.5.4),  if  the  methods  used  for  a 
grain-size  analysis  are  not  affected  by  the  fact 
that  grain-size  distributions  can  be  truncated.  A 
good  method  should  further  try  to  include  and 
interpret  irregularities  in  a  grain-size  spectrum, 
instead  of  trying  to  average  it  out.  This  can  be 
achieved  if  the  total  sample  volume  is  not  re- 
ferred to  as  100%,  because  it  is  questionable 
whether  the  sample  has  collected  the  grain-size 
spectrum  in  its  entirety.  A  grain-size  analysis 
can  only  comprise  that  part  of  a  grain-size  spec- 
trum which  has  actually  been  collected.  The 
sampled  bedload  mass  per  grain-size  class 
should  therefore  be  the  basis  for  further  calcula- 
tions, not  a  statistical  average. 

Individual  particles  interact  at  the  channel 
bottom  during  bedload  transport.  The  first  step  in 


T5 

R.  Schleyer  (formerly  Dept.  of  Geology,  Freie  Universitat  Berlin)  wrote  a  computer  program,  which  A.  Bartoloma  (Dept.  of  Geology,  Freie  Universitat 
Berlin)  ran  for  me. 


16 

A  Rosin  distribution  is  characteristic  of  crushed  rock. 


17 

R.  Schleyer  (formerly  Dept.  of  Geology,  Freie  Universitat  Berlin) 
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Figure  4.12  -  Bedload  samples  from  the  net-sampler  (1988):  cumulative  frequency  distribution  of  grain-size  classes  plotted  on  prob- 
ability paper. 

a)  sample  numbers  3  -  9:  sampled  during  rising  and  peak  flows  between  May  20  and  24 

b)  sample  numbers  10-16:  sampled  during  rising  and  falling  limb  on  May  24  -  25 
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Figure  4.12  -  Bedload  samples  from  the  net-sampler  (1988):  cumulative  frequency  distribution  of  grain-size  classes  plotted  on  probability 
paper. 

c)  sample  numbers  17-19:  sampled  at  various  times  during  later  days  of  the  high  flow  between  May  20  and  30, 

d)  sample  numbers  20  -  25:  sampled  at  various  daily  times  during  falling  limb  of  snow  melt  high  flow  May  31  -  June  8. 
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the  attempt  to  understand  these  processes  is  to 
quantify  the  number  and  grain  sizes  of  particles 
involved  in  the  process.  Within  the  sand  fraction 
it  is  difficult  to  identify  individual  grains,  but 
within  the  pebble  and  cobble  range  counting  the 
number  of  transported  or  sampled  particles  poses 
a  promising  opportunity  for  statistical  analysis 
(Bunte  1992a). 

Particle  transport  rates  for  pebbles  and  cobbles 
were  determined  by  counting  the  number  of  parti- 
cles for  each  grain-size  class  and  calculating  their 
transport  rates  in  terms  of  numbers  per  meter  and 
minute.  Particle  transport  rates  of  all  bedload 
samples  are  listed  in  Table  3b  in  the  appendix. 
The  unit  of  meters  and  minutes  was  chosen  be- 
cause it  happened  to  have  the  least  number  of 
decimals.  Results  and  discussions  of  this  investi- 
gation are  presented  in  Section  5.5.4. 


4.5  Channel  Geometry  and  Stream 
Morphology 

Channel  geometry  and  bedload  transport  are 
closely  related.  The  cross-sectional  channel  shape 
influences  bedload  transport,  but  it  is,  in  turn,  af- 
fected by  bedload  which  passes  the  cross-section, 
deposits  in  it  or  scours. 

The  spatial  and  temporal  variation  of  the 
channel  form  can  indicate  various  processes  of 
bedload  transport.  Channel  topography  should 
therefore  be  registered  continuously  using  a 
spatial  scale  that  is  appropriate  for  the  stream 
type.  As  this  posed  an  unmanageable  enterprise, 
different  procedures  were  tried  that  might  pro- 
vide an  insight  into  the  processes  on  the  channel 
bottom.  The  following  procedures  were  used  at 
Squaw  Creek  in  order  to  attempt  an  analysis  of 
the  channel  form  in  different  spatial  and  tempo- 
ral scales: 

•  frequent  and  consecutive  readings  of  the 
water  surface  slope, 

•  repeated  and  consecutive  surveys  of  a  cross- 
section  during  high  flows,  and 

•  survey  of  the  stream  morphology  before 
and  after  a  high  flow. 


4.5.1  Water  surface  slope 

Given  the  premise  that  the  water  surface  is 
roughly  a  positive  copy  of  the  stream  channel  to- 
pography ,  changes  in  the  water  surface 
topography  should  identify  locations  of  channel 
change  and,  therefore,  locations  of  bedload  trans- 
port activity.  The  inclination  of  the  water  surface 
at  a  given  time  and  location  is  however  also  de- 
pendent on  the  temporal  variation  of  flow,  as 
when  a  flood  wave  passes  by.  If  the  effects  of  the 
hydrograph  can  be  subtracted  from  the  temporal 
variation  of  the  water  surface  slope,  the  remaining 
water  surface  behavior  should  indicate  processes 
on  the  river  bed.19 

In  an  unerodible  rectangular  channel,  the  tem- 
poral variation  of  the  water  surface  slope  during 
the  passage  of  a  flood  wave  is  equivalent  to  the 
course  of  the  first  derivative  function  (slope)  of 
the  hydrograph  (fig.  4.13).  The  peak  of  the  first 
derivative  function  corresponds  with  the  most 
pronounced  temporal  change  of  discharge  on  the 
rising  limb  of  flow.  The  first  derivative  function 
becomes  zero  during  peak  flow  and  the  minimum 
of  the  water  surface  slope  occurs  at  the  time  when 
flow  rate  recedes  most  strongly.  The  funciton  of 
the  theoretical  water  surface  slope  (first  derivative 
function  of  the  hydrograph)  rises  again  and 
crosses  the  zero-line  before  the  hydrograph  starts 
its  second  rise. 

The  temporal  variation  of  the  water  surface 
slope,  which  was  measured  at  Squaw  Creek  con- 
secutively for  2  days  (May  23-25,  1988),  differs 
from  the  course  of  the  theoretical  water  surface 
slope  in  several  aspects  (fig.  4.13): 

•  the  rise  occurs  in  several  steps, 

•  the  maximum  occurs  with  a  delay  of  about 
10  hours,  and 

•  the  shape  of  the  function  is  wider  (larger 
half-value  width  of  the  function). 

The  response  of  a  measured  water  surface 
slope  to  changing  flow  is  varied  in  a  natural 
stream  bed.  An  exponential  increase  of  flow  af- 
fects the  function  water  surface  slope  in  a  positive 
way.  This  is  partially  counteracted  by  an  increase 
in  flow  width,  which  has  a  negative  effect  on 
water  surface  slopes.  However,  the  relatively 


18 

Cross-sectional  water  levels  change  not  only  in  correspondence  to  discharge  variation  but  are  also  influenced  by  local  channel  geometry.  Local 
water  levels  can  mirror  the  channel  geometry  or  run  exactly  opposite  to  it,  depending  on  complex  hydraulic  processes  like  upwelling,  downwelling, 
laterally  pointing  secondary  flows,  or  the  Bermoulli  law  regarding  energy  heads. 

~19 

Paragraph  was  added  during  translation  for  clarity. 
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Figure  4.13  -  Hydrograph,  measured  water  surface  slope,  and  the  first  derivative  function  (slope)  of  the  hydrograph  plotted  over  a  2-day 
period  from  May  23-25, 1988. 


small  change  in  flow  width  that  occurs  at  Squaw 
Creek  within  the  diurnal  fluctuation  of  flow  can- 
not account  for  the  relatively  large  discrepancy 
between  the  temporal  functions  of  the  theoretical 
and  measured  water  surface  slope. 

The  cross-sectional  water  surface  is  far  from 
being  horizontal  during  high  flows  in  high-energy 
streams.  Gradients  across  the  stream  can  reach 
several  percent  (Leopold  1982).  The  transforma- 
tion of  channel  morphology  causes  bedload 
transport,  and  bedload  transport,  in  turn,  modi- 
fies the  stream  morphology.  This  variation  of 
channel  form  is  reflected  in  the  topography  of  the 
water  surface. 

A  rectangular  channel  shows  a  maximum  in 
water  surface  slope  during  the  fastest  increase  of 
flow  on  the  rising  limb  of  the  flood  wave.  This 
peak  in  water  surface  slope  not  only  leads  to  a 
precedence  of  the  force  of  flow  compared  to  dis- 
charge '  but  it  also  leads  to  a  sudden  increase  in 
the  state  of  the  stream  energy.  Part  of  this  energy 
is  transmitted  to  the  channel  bottom  where  it 
causes  erosion  which  changes  the  cross-sectional 
geometry.  This  channel  change  probably  dampens 
the  variability  of  the  water  surface  slope  during 
the  passage  of  a  flood  wave.  The  measured  water 
surface  slope  increases  at  a  substantially  slower 


and  delayed  pace  as  would  be  expected  for  a 
stream  in  which  the  channel  bottom  could  not  re- 
act to  flow  conditions  (fig.  4.13). 

The  fluctuating  nature  of  the  measured  water 
surface  slope  strongly  indicates  that  changes  in 
water  surface  slope  are  affected  by  changes  on  the 
stream  bottom.  Adjustments  of  the  channel  bot- 
tom to  the  changing  conditions  of  flow  are  typical 
for  phases  with  high  and  unsteady  flows. 

If  it  is  true  that  a  water  surface  slope  measured 
over  two  fixed  points  in  the  long  profile  of  a  bed- 
load  carrying  mountain  stream  is  affected  in  its 
temporal  variation  by  the  combined  effects  of  hy- 
drograph and  channel  change,  then  this  fact  can 
be  used  to  identify  periods  of  channel  change  be- 
tween the  two  fixed  points.  If  the  measured  water 
surface  slope  deviates  from  the  theoretical  tempo- 
ral function  of  the  water  surface  slope,  then  this 
deviation  can  indicate  river  channel  change.  The 
analysis  of  the  temporal  variation  of  the  measured 
water  surface  slope  can  therefore  serve  as  a  means 
to  identify  river-bed  adjustments  between  two 
points  in  an  indirect  way.  The  temporal  variation 
of  bedload  transport  can  then  be  set  into  relation 
with  local  channel  changes.  That  makes  it  possible 
to  gain  insights  into  the  dynamics  of  bedload 
transport. 


20 

This  phenom  is  acknowledged  in  Bagnold's  unit  stream  power,  which  includes  the  water  surface  slope  Sw  (=  0  Sw  ■  pwlw).  See  list  of  symbols  tor 
notations. 
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4.5.2  Cross-section  measurements 

During  the  spring  high  flow  of  1988,  T.  Berry 
(University  of  St.  Andrews,  GB)  and  P.  Ergenzin- 
ger  examined  the  temporal  variability  of  the 
cross-sectional  microtopography.  The  position  of 
the  cross-section  is  marked  on  the  maps  in  Figure 
3.7.  Berry  (1988)  used  the  "Tansendfufiler"  device 
for  detailed  profiling  of  the  cross-sectional  chan- 
nel shape  (Section  4.3.3).  Since  the  profiling  device 
was  operated  directly  in  the  stream,  it  had  to  be  a 
light-weight  structure  that  was  easy  to  set  up  and 
take  down  to  account  for  the  passage  of  drift- 
wood. It  was  therefore  constructed  of  a  wooden 
board  (2"  by  4")  positioned  horizontally  across  the 
stream  and  mounted  to  thin  metal  posts  ham- 
mered into  the  stream.  The  wooden  board  had 
borings  in  regular  10  cm  intervals.  A  probing  rod 
is  lowered  through  the  borings  to  the  channel  bot- 
tom. The  length  of  the  rod  that  extends  above  the 
wooden  board  is  measured  (fig.  4.14a-b).  This  x-y- 
directional  measuring  device  makes  it  possible  to 
repeatedly  survey  the  same  points  in  the  stream 
cross-section  21 . 

Cross-sectional  profile  measurements  were 
taken  in  2-  to  3-hour  intervals  during  the  passages 
of  almost  two  daily  snowmelt  high  flow  waves  on 
May  23-24,  1988,  in  the  same  cross-section  in 
which  P.  Carling  and  M.  Glaister  measured  veloc- 
ity profiles.  Combining  Berry's  (1988)  results  of 
changes  in  channel  roughness  and  channel  shape 
with  the  behavior  of  other  parameters  during  this 
time  (velocity  profiles,  water  surface  slope  and 
bedload  transport  rates  and  grain-size  distribu- 
tion), makes  it  possible  to  gain  some  insights  into 
the  interactive  processes  involved  in  bedload 
transport. 


4.5.3  River-bed  morphology  and  bedload 
transport  behavior 

Similar  to  the  interrelations  between  cross-sec- 
tional geometry  and  bedload  transport,  channel 
morphology  and  bedload  transport  are  related  as 
well.  The  morphology  of  a  bedload  carrying 
stream  is  pronouncedly  affected  by  the  nature  of 
the  energy  expenditure.  This  is  in  turn  dependent 


on  the  amount  and  locality  of  moveable  bedload 
material. 

A  stream  expends  as  little  energy  into  its  flow 
as  possible.  During  high  flows  in  streams  with  no 
limit  of  transportable  material  and  erodible  chan- 
nel bottoms  and  banks  (e.g.,  braided  streams), 
this  can  be  achieved  by  continuous  bedload  trans- 
port. This  allows  the  stream  morphology  to  adjust 
constantly  to  the  changing  conditions  of  flow 
(Chang  1980;  Ergenzinger  1987).  The  low  channel 
bottom  stability  in  braided  streams  provides  al- 
ready a  mobility  of  the  entire  channel  bottom  for 
relatively  small  high  flows.  The  more  bedload  ma- 
terial is  present  for  transport,  the  more  continuous 
the  energy  transfer  between  the  flow  and  the  sedi- 
ment and  the  smoother  the  development  of  the 
long-profile. 

The  stream  morphology  indicates  if  and  how 
much  the  supply  of  transportable  bedload  is  lim- 
ited. A  generally  large  sediment  supply  leads  to 
the  formation  of  in-stream  gravel  bars  and  other 
readily  available  sediment  storage  that  can  be  eas- 
ily emptied  when  the  flow  rises  or  the  sediment 
supply  drops.  The  dearth  of  transportable  mate- 
rial in  supply-limited  mountain  streams  such  as  in 
boulder-strewn,  step-pool,  or  pool-riffle  streams 
(e.g.,  present  streams  of  the  Central  Mountains  in 
Germany22^  leads  to  an  energy  surplus  in  the 
water  flow,  because  flow  can  hardly  expend  its 
high  kinetic  energy  by  a  sustained  mobilization  of 
bedload.  The  energy  excess  of  the  stream  flow 
probably  leads  to  discontinuous  adjustment  ac- 
tivities between  flow  and  stream  bottom  and  to 
the  formation  of  irregular  long-profiles.  These 
stream  systems  are  characterized  by  an  alterna- 
tion of  rough,  steep,  and  shallow  high-friction 
reaches  with  deep  pools  in  between.  Step-pool  or 
pool-riffle  streams  maintain  their  type  of  channel 
morphology  during  average  high  flows  which 
only  modify  the  present  channel  morphology.  It 
takes  rather  large  high  flows  to  initiate  a  new  ad- 
justment of  channel  morphology  to  the  new 
sedimentary  and  hydraulic  conditions  of  flow. 
Squaw  Creek  measuring  reach  with  its  riffle-pool 
morphology  falls  into  the  category  of  supply-lim- 
ited streams. 

As  the  amount  and  composition  of  transport- 
able bedload  material  influences  the  stream 


The  methodology  was  further  developed  by  Ergenzinger  and  Stuve  (1989),  Ergenzinger  (1992),  Ergenzinger  et  al.  (1994),  and  De  Jong  (1993)  who 
calculated  k3-values  as  a  dynamic  measure  of  channel  bottom  roughness  and  demonstrated  a  relationship  between  flow  hydraulics,  channel  change 
and  bedload  transport. 

These  stream  conditions  are  probably  comparable  to  those  of  mountains  streams  in  the  U.S.  Appalachian  Mountains. 
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morphology,  it  is  possible  in  turn  to  deduce  the 
transport  behavior  of  the  stream  from  the  stream 
morphology.  The  different  phenomena  of  coarse 
bedload  transport,  i.e.,  the  nature  of  the  relation 
between  bedload  and  flow,  as  well  as  the  tempo- 
ral variation  and  the  grain-size  distribution  of  the 
transported  bedload  are  better  understandable  if 
the  stream  morphology  is  taken  into  considera- 
tion. 

Regarding  the  still  controversially  discussed 
question  of  whether  erosion  and  transport  of 
coarse  bedload  occurs  in  dependence  of  grain 
sizes  and  flow  strengths  as  selective  transport  or 
whether  the  entire  grain-size  spectrum  is  moved 
in  equal  mobility  (Section  5.5.3),  a  hypothesis  is 
formulated  at  this  point  that  will  be  examined  in 
later  parts  of  this  study  together  with  the  analyses 
of  transported  grain-sizes  (particle  transport  rates, 
Section  5.5.8). 

In  supply-limited  streams  that  carry  coarse 
bedload,  flows  during  bankfull  stages  (Leopold  et 
al.  1964)  will  erode  and  transport  only  particles  of 
the  "right"  size  from  the  broad  grain-size  spec- 
trum on  the  channel  bottom.  Transport  rates 
during  this  selective  transport  are  generally  small. 


Large  particles  that  are  not  transportable  accumu- 
late on  the  channel  bed  and  lead  to  the  formation 
of  an  armor  or  a  pavement.  Only  a  few  exposed 
large  particles  take  part  in  transport.  Very  large 
forces  of  flow  are  necessary  (at  least  locally)  to 
tear  up  the  armor  and  incorporate  particles  from 
the  subsurface  layer  into  bedload  transport  proc- 
esses. 

In  coarse  bedload  carrying  streams  with  mo- 
bile channel  bottoms  and  banks  (e.g.  streams  with 
readily  available  sediment  supply),  bedload  trans- 
port occurs  in  equal  mobility  of  all  grain  sizes 
owing  to  the  large  amount  of  transportable  mate- 
rial within  the  high  flow  bed  during  bankfull 
flows.  Transport  rates  for  common  stream  flows 
are  larger  in  these  streams  than  in  the  supply-lim- 
ited streams. 

The  preceding  sections  explained  the  hydrau- 
lic and  sedimentary  conditions  that  affect  bedload 
transport  and  included  a  review  of  the  present 
literature.  The  measurements  and  analyses  carried 
out  in  this  study  at  Squaw  Creek  were  described 
and  the  methodology  of  the  procedures  was  ex- 
plained. The  results  of  the  analyses  are  presented 
in  the  following  chapters. 
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5.  Presentation  and  Discussion  of  Results 


5.1  Statistical  Analyses  of  the  Relation 
Between  Bedload  Transport  and  Hydraulic 
Parameters 

Bedload  transport  formulas  are  employed  un- 
der the  premise  that  bedload  transport  rates  are 
describable  as  a  function  of  hydraulic  and  sedi- 
mentary parameters  (e.g.,  flow  velocity,  discharge 
rate,  shear  stress,  stream  power,  and  grain  size). 
Many  formulas  include  a  threshold  value  that  has 
to  be  exceeded  to  initiate  coarse  material  bedload 
motion  (Section  4.1).  At  this  point  it  will  be  ana- 
lyzed under  which  circumstances  hydraulic  pa- 
rameters can  be  used  to  explain  and  predict  trans- 
port rates  of  coarse  material  bedload  transport. 

5.1.1  Bedload  signal  rates  and  discharge 

The  analyses  of  the  relations  between  bedload 
transport  and  flow  started  with  the  investigation 
of  the  relation  between  hourly  signal  rates  and 
discharge.  Signal  rates  recorded  in  1986  are  plot- 
ted versus  discharge  for  rising  and  falling  limbs  of 
flow  (fig  5.1).  Data  range  over  1.5  orders  of  magni- 
tude. The  variability  of  signal  rates  for  a  given 
discharge  extends  over  about  one  order  of  magni- 


tude. The  correlation  between  signal  rates  and 
discharge  yields  a  much  better  correlation  of  r2  = 
0.63  for  the  rising  limbs  than  for  the  falling  limbs 
where  r2  is  only  0.35.  The  general  correlation  for 
both  rising  and  falling  flows  is  r2  =  0.56. 

5.1.2  Bedload  transport  rates  (Helley-Smith 
sampler)  and  discharge 

In  order  to  test  whether  this  poor  correlation 
between  bedload  transport  and  discharge  is  only 
confined  to  coarse  particles  or  also  valid  for  finer 
sediment,  bedload  transport  rates  calculated  from 
samples  collected  with  the  7.6  by  7.6  cm  Helley- 
Smith  in  1986  were  compared  to  flow  (fig.  5.2). 
The  range  of  the  data  extends  over  slightly  less 
than  1.5  orders  of  magnitude,  while  the  variability 
of  bedload  transport  rates  is  just  below  one  order 
of  magnitude.  This  similarity  between  the  range 
and  the  variability  of  data  lead  to  a  low  correla- 
tion of  r2  =  0.32.  The  relatively  small  range  of  the 
bedload  data  (and  thus  the  poor  correlation)  are 
probably  sampling  artifacts.  Helley-Smith  sam- 
ples were  preferentially  taken  on  daily  rising  and 
peak  flows  during  the  first  part  of  the  snowmelt 
high  flow  when  sand  transport  rates  are  relatively 
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Figure  5.1  -  Relation  between  hourly  bedload  signal  rates  (Qbsign)  and  water  discharge  (Q)  (1986): 

a)  for  rising  flow:  Qbsign  =  1 .30  E-6  Q  10:23  ,  r2=  0.63,     b)  falling  limbs  of  flow:  Qbsign  =  4.43  E-5  Q  8  06  ,  r*=  0.35. 

Dynamics  of  Gravel-Bed  Rivers.  P.  Billi,  R.D.  Hey,  C.R.  Thome,  P.  Tacconi  (editors),  1992,  John  Wiley  &  Sons  Ltd., 
Chichester,  England,  Reproduced  by  permission  of  John  Wiley  and  Sons  Limited. 
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high.  Daily  falling  limbs  and  the  later  part  of  the 
high  flow  are  not  well  presented  in  the  data.  The 
cobble  part  of  bedload  transport  was,  when  it  oc- 
curred, poorly  presented  in  the  samples  because 
the  opening  of  the  Helley-Smith  sampler  was  too 
small. 

5.1.3  Bedload  transport  rates  (net-sampler) 
and  discharge 

The  relation  between  bedload  transport  and 
discharge  was  also  analyzed  for  the  spring  high 
flow  in  1988.  Transport  rates  of  the  coarse  bedload 
fraction  were  calculated  from  the  samples  col- 
lected with  the  net-sampler  throughout  the  high 
flow  period  and  plotted  versus  discharge  (fig. 
5.3).  The  range  of  the  data  extends  over  almost 
three  orders  of  magnitude,  while  the  variability 
extends  over  almost  two  orders  of  magnitude. 
This  wide  range  of  data  provides,  despite  the  scat- 
ter, a  rather  good  correlation  of  r2  =  0.71  for  the 
power  function  regression. 

5.1.4  Bedload  transport  rates  (net-sampler) 
and  stream  power 

A  replacement  of  the  hydraulic  parameter 
"discharge"  by  "stream  power"  (Bagnold  1977:  Q 
=  Q  •  Sw  ■  p  (Section  4.1.1)  does  not  improve  the 
statistical  relation  between  bedload  transport  and 
flow  (r2  =  0.63)  (fig.  5.4).  The  parameter  stream 


power  was  simplified  in  this  calculation  to  the 
product  of  Q  •  Sw,  because  the  variability  of  the 
water  density  p  is  considered  negligible). 

5.1.5  Daily  means  of  bedload  signal  rates  and 
discharge 

The  next  analytic  step  reduced  the  temporal 
scale  of  the  flow  -  sediment  relation.  Daily  dis- 
charge means  were  calculated  for  all  days  of  the 
high  flow  using  summed  hourly  discharges  from 
one  day's  low  flow  to  the  next  day's  low  flow. 
These  values  for  mean  daily  flow  were  plotted 
versus  mean  hourly  signal  rates  over  the  same 
time  periods  (fig.  5.5).  This  increase  of  time  inter- 
vals produces  an  r2  of  0.88  in  the  relation  between 
flow  and  signal  rates,  a  much  better  statistical  re- 
lation than  in  the  previous  examples.  The 
regression  function  attributes  similar  signal  rates 
to  discharge  as  Figure  4.9. 

The  statistical  relation  (r2  =  0.93)  is  even  better 
between  daily  maximum  signal  rates  and  daily 
mean  signal  rates  (fig.  5.6) .The  maxima  exceed 
daily  means  by  a  factor  of  three  (Section  5.2.1.1). 
The  close  correlation  both  between  daily  mean 
signal  rates  and  discharge,  as  well  as  between 
daily  maxima  and  daily  mean  signal  rates,  indi- 
cate that  the  long-term  relation  between  bedload 
and  flow  was  generally  steady  during  snowmelt 
high  flow. 
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Figure  5.3  -  Relation  between  bedload  transport  rates  (Qb)  sampled  in  1988  with  the  0.30  m  by  1.55 
m  net-sampler,  mesh  width  10  mm,  and  discharge  (Q):Qb  =  4.428Q  18.21,  r2  =  0.71. 
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(Daily  average) 


Figure  5.5  -  Relation  between  day-averaged  bedload  signal  rates  (Qbsign)  and  day-averaged 
discharge  (from  daily  low  flow  to  next  day's  low  flow)  (Qmean):Qbsign=  2.67  E-8  Qmean  , 
r2  =  0.87. 
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Figure  5.6  -  Relation  between  mean  and  maximum  bedload  signal  rates  per  discharge  day  (from 
daily  low  flow  to  next  day's  low  flow). 
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5.1.6  Results 

At  Squaw  Creek,  hydraulic  parameters  like 
discharge  or  stream  power  are  hardly  appropriate 
to  predict  bedload  transport  rates  within  a  tempo- 
ral scale  of  hours.  The  accuracy  of  the  prediction 
can  be  greatly  improved,  if  the  temporal  scale  is 
extended  to  daily  mean  values,  which  are  the  sum 
of  many  individual  measurements.  Bedload  trans- 
port rates  at  Squaw  Creek  fluctuate  so  much  that 
individual  measurements  will  only  give  a  rough 
estimate  about  the  order  of  magnitude  expected 
for  bedload  transport. 

The  poor  correlation  between  bedload  signal 
rates  and  discharge  at  Squaw  Creek  is  partly  due 
to  fluctuating  transport  rates,  especially  after  peak 
flow  and  on  the  falling  limbs.  It  is  also  due  to 
hysteresis  effects  with  usually  higher  transport 
rates  on  the  rising  limbs  than  on  the  falling  limbs 
of  flow.  Besides,  hysteresis  curves  vary  over  the 
course  of  the  hydrograph:  they  become  lower  and 
cross  more  frequently  as  the  high  flow  proceeds. 
The  question  arises  which  changes  occur  in  the 
relationship  between  the  main  parameters  (hy- 
draulic conditions,  bedload  transport,  and  chan- 
nel shape)  during  the  rising  and  falling  limbs  of 
flow  and  between  the  beginning  and  the  end  of 
the  high  flow  period.  The  interactions  between 
water  and  sediment  have  to  be  better  known  in 
order  to  analyze  this  question.  This  requires  ex- 
amination of  the  temporal  variability  of  the 
hydraulic,  sedimentary,  and  morphologic  condi- 
tions on  the  stream  bed.  Such  measurements 
require  an  immense  measuring  effort,  which  can 
only  be  achieved  by  the  combined  endeavors  of  a 
team. 

The  temporal  structure  of  bedload  transport 
will  be  analyzed  in  the  next  sections  and  com- 
pared with  the  temporal  structure  of  the  hydraulic 
parameters.  The  interactions  between  channel  ge- 
ometry and  bedload  transport  will  be  explored  by 
using  a  combination  of  measurements  and  analy- 
ses that  permit  at  least  a  partial  insight  into  the 
procedures  that  take  place  at  the  channel  bottom. 


5.2  Temporal  Variation  of  Coarse  Bedload 
Transport:  General  Considerations 

Transport  rates  of  coarse  bedload  transport 
are  rarely  steady,  but  temporally  variable  under 
both  steady  as  well  as  unsteady  flows.  In  most 
cases,  the  temporal  variation  of  bedload  follows  a 
different  pattern  than  the  temporal  variation  of 
unsteady  flows.  The  relation  between  bedload 


transport  and  flow  is  therefore  unsteady,  too,  and 
varies  over  a  wide  range.  The  temporal  variability 
of  bedload  transport  rates  is  usually  larger  than 
the  temporal  variability  of  the  flow.  Therefore 
bedload  transport  is  referred  to  as  "fluctuating," 
which  can  even  occur  in  a  rhythmic  way.  Inconsis- 
tent relations  between  discharge  and  bedload 
transport  or  fluctuating  and  pulsating  bedload 
transport  rates  have  been  documented  in  many 
field  and  laboratory  experiments,  under  various 
hydraulic  and  sedimentary  conditions,  and  in 
various  temporal  scales. 

5.2.1  Former  investigations 

Although  temporal  variation  of  bedload  trans- 
port has  already  been  observed  in  natural  streams 
in  the  1930's  by  Ehrenberger  (1931)  at  the  Danube, 
and  by  Miihlhofer  (1933)  in  the  Inn,  and  in  flume 
experiments  by  Einstein  (1937)  and  Shields  (1936), 
there  are  presently  only  a  few  systematic  studies 
that  get  away  from  a  single  study  and  try  to  ob- 
tain a  more  general  picture.  Church  (1985)  and 
Gomez  et  al.  (1989)  tried  to  summarize  and  sort 
the  present,  often  contradictory,  results  regarding 
the  "unsteady  nature"  of  bedload  transport.  The 
vague  term  "unsteady"  already  indicates  the  gen- 
erally poor  understanding  and  lacking  system- 
aticness  of  the  current  analyses. 

The  fluctuation  of  bedload  transport  rates 
leads  to  two  main  questions: 

•  What  is  the  cause  of  the  fluctuations? 

•  How  can  bedload  be  sampled  in  a  repre- 
sentative way,  despite  of  the  fluctuations? 

While  the  second  problem  is  principally  solv- 
able using  a  probability  analysis,  the  first  question 
continues  to  pose  a  problem.  A  multitude  of  phe- 
nomena, patterns,  and  processes  were  observed 
for  different  time-scales,  grain-sizes,  and  flows 
(following  Sections).  This  variability  makes  the 
topic  conceptually  and  methodologically  difficult 
to  manage  and  requires  a  systematic  study. 

5.2.1.1  Probability  analyses  of  bedload  fluc- 
tuations 

Based  on  the  analyses  of  the  step  length  of  in- 
dividual particles  during  sediment  transport 
(Einstein  1937)  and  on  the  analyses  of  the  height, 
length,  and  travel  velocity  of  migrating  bedforms 
(Hamamori  1962:  sand  dunes  with  superimposed 
ripples),  both  researchers  arrived  at  the  conclu- 
sion that,  given  steady  flow,  bedload  transport 
rates  range  between  zero  and  about  four  times  the 
mean  bedload  transport  rate.  High  bedload  trans- 
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port  rates  occur  less  frequently  than  low  transport 
rates  (Section  5.1.5).  Einstein  (1937)  and  Hamam- 
ori  (1962)  both  set  up  probability  distribution 
functions  of  bedload  transport  rates  that  describe, 
for  different  sampling  intervals,  the  percentage 
frequency  with  which  a  certain  relative  bedload 
transport  rate  occurs.  A  relative  transport  rate  is 
the  ratio  of  a  measured  transport  rate  to  the  mean 
transport  rate  for  that  time  period. 

Such  statistical  analyses  of  the  temporal  vari- 
ability of  bedload  transport  rates  have  been 
pursued  and  modified  by  several  authors  (Carey 
and  Hubbell  1986;  Hubbell  and  Stevens  1986; 
Hubbell  1987;  Hubbell  et  al.  1987;  McLean  and 
Tassone  1987;  Golz  and  Droge  1989;  Gomez  et  al. 
1989).  These  authors  provide  probability  density 
functions  of  rhythmic  fluctuations  of  bedload 
transport  rates  during  steady  flows.  These  func- 
tions indicate  the  frequency  with  which  a  certain 
relative  transport  rate  can  be  expected.  Knowing 
this,  sampling  intervals,  durations,  and  frequency 
can  be  estimated,  in  order  to  obtain  representative 
samples  of  bedload  transport  rates  for  rating 
curves,  in  spite  of  fluctuating  transport  rates. 
However,  the  questions  regarding  the  processes 
that  cause  the  temporally  unsteady  or  rhythmic 
phenomena  have  not  been  answered  by  these  sta- 
tistical procedures. 

5.2.1.2  Comparability  of  published  results  re- 
garding the  temporal  variability  of  coarse 
bedload  transport 

The  interpretation  and  comparability  of  vari- 
ous phenomena  and  analyses  regarding  the 
temporal  variation  of  bedload  transport  is  prob- 
lematic for  two  reasons: 

•  Fluctuations  of  bedload  transport  have  been 
investigated  separately  for  steady  and  un- 
steady flows;  and 

•  The  analyses  extend  over  different  temporal 
scales  and  are  carried  out  in  different  tem- 
poral resolutions. 

Separate  investigation  of  fluctuations  in  bed- 
load  transport  for  steady  and  unsteady  flows: 

Coarse  bedload  in  natural  streams  is  only 
eroded  and  transported  during  high  flow  events. 
For  this  reason,  temporal  variations  of  coarse  bed- 
load  transport  in  streams  is  almost  exclusively 
investigated  during  unsteady  flows.  Laboratory 
experiments,  on  the  contrary,  keep  discharges 
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constant,  for  practical  reasons  and  for  parameter 
limitation.  These  different  hydraulic  and  sedimen- 
tologic  conditions  of  stream  and  flume  experi- 
ments could  mistakenly  lead  to  the  conclusion 
that  fluctuations  of  bedload  transport  are  neces- 
sarily caused  by  different  factors  during  steady 
and  unsteady  flow. 

The  various  methods  employed  to  investigate 
the  matter,  the  wide  variability  in  hydraulic  and 
sedimentary  conditions,  and  the  multitude  of  ob- 
served phenomena  as  well  as  the  different  argu- 
ments make  it  problematic  to  combine 
information  from  different  studies.  It  is,  however, 
important  that  this  differentiation  of  bedload 
transport  analyses  into  field  and  flume  studies, 
which  is  basically  due  to  practical  reasons,  does 
not  lead  to  a  separation  of  research  results.  In- 
stead, more  work  should  be  put  into  the  investiga- 
tion of  the  hydraulic,  sedimentologic,  and  channel 
geometric  conditions  that  cause  bedload  fluctua- 
tions. It  is  possible  that  bedload  fluctuations  dur- 
ing the  passage  of  a  high  flow  wave  are  not  only 
caused  by  processes  linked  to  the  special  condi- 
tions of  unsteady  flow  but  are  combined  with 
those  mechanisms  of  bedload  fluctuations,  which 
are  observable  under  steady  flows.  Such  com- 
bined analyses  have  so  far  not  yet  been  described 
in  the  literature. 

Studies  of  the  temporal  variation  of  coarse 
bedload  transport  that  are  carried  out  in  labora- 
tory experiments  usually  analyze  bedload  trans- 
port with  high  temporal  resolution.  These  studies 
are  therefore  discussed  together  with  the  analyses 
of  bedload  signals  from  Squaw  Creek  in  5-min- 
utes  intervals  (Sections  5.4.2.1  and  5.4.2.3). 

Time  scale  of  the  analyses  and  their  temporal 
resolutions: 

Several  time  series  of  bedload  transport  re- 
corded in  different  stream  settings  and  in 
different  temporal  resolution  are  available  in  the 
literature.  Gomez  et  al.  (1989)  put  together  an  im- 
pressive list  of  the  respective  studies.  Sampling 
time  and  sampling  intervals  are  usually  closely 
related. 

A  high  temporal  resolution  of  sediment  trans- 
port (the  order  of  minutes)  limits  the  length  of  the 
record  usually  to  a  few  hours  (Hayward  and  Suth- 
erland 1974*1;  Klingeman  and  Emmett  1982; 
Jackson  and  Beschta  1982;  Gomez  1983,  Gomez  et 
al.  1991*;  Schlatte  1984;  Pitlick  1987;  Whiting  et  al. 
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1988;  Kuhnle  et  al.  1989;  Banzinger  and  Burch 
1990;  Dinehart  1992,  Dinehart,  pers.  com.  1993*; 
Rickenmann  1994*).  Most  of  the  time  series  listed 
comprise  far  less  than  100  data  points.  The  most 
detailed  measurements  in  this  category  with  over 
a  hundred  data  points  were  performed  by  Carey 
1985*;  Lisle  1989*  and  Lisle,  pers.  com.  1993*;  and 
Kuhnle,  pers.  com  1993*). 

Studies  with  a  medium  temporal  scale  address 
bedload  fluctuations  in  about  hourly  measure- 
ments during  high  flows  that  last  for  about  a  day 
(Campbell  and  Sidle  1985*;  Reid  et  al.  1985;  Reid 
and  Frostick  1986b*;  Tacconi  and  Billi  1987;  Bunte 
1991b;  Kuhnle,  pers.  com.  1993*;  D'Agostino 
1994*). 

Studies  with  a  low  temporal  resolution  (the  or- 
der of  days)  analyze  bedload  waves  over  high 
flows  that  last  for  several  days  and  a  few  months 
(Milhous  1973*;  Nansen  1974*;  Leopold  and  Em- 
mett  1976*,  1977*;  Emmett  1980*;  Pitlick  and 
Thome  1987;  Lisle  1989*;  Lenzi  et  al.  1990).  None 
of  these  studies  analyze  the  temporal  variation  of 
bedload  transport  at  several  temporal  scales. 

The  selection  of  a  certain  particular  scale  of  the 
analyses  carries  with  it  the  restriction  to  a  certain 
set  of  parameters  included  in  the  investigations. 
Processes  and  parameters  whose  effects  are  not 
immediately  visible  at  the  particular  time  scale  of 
interest  are  excluded  from  the  analyses.  The  basic 
problem  with  this  approach  is  the  fact  that  short- 
term  processes  are  naturally  incorporated  in 
long-term  processes.  Conversely,  the  short-term 
analyses  need  to  pay  attention  to  long-term  proc- 
esses, which  are  not  considered  if  the  temporal 
resolution  is  large  (i.e.,  the  analyzed  time  period 
is  small). 

Studies  at  all  temporal  scales  describe  bedload 
transport  as  unsteady  or  fluctuating.  However,  in 
spite  of  their  relatively  similar  phenomena,  time 
series  are  not  comparable,  because  the  processes 
interpreted  to  control  bedload  fluctuations  are 
quite  diverse.  It  is  therefore  rather  problematic  to 
transfer  results  from  one  time  scale  to  the  other  by 
up-scaling  or  down-scaling. 

5.2.1.3  Various  forms  of  bedload-discharge 
relations  in  streams 

An  alluvial  stream  has  reached  equilibrium 
conditions  when  the  energy  expenditure  of  flow  is 
at  a  minimum.  If  nonequilibrium  conditions  occur 
(change  in  water  or  sediment  supply),  flow  and 


channel  bottom  need  again  to  adjust  to  each  other 
in  order  to  minimize  energy  expenditure  and  re- 
tain equilibrium  (Yang  1971;  Yang  et  al.  1981). 
Repeated  adjustments  between  the  hydraulic  con- 
ditions of  flow  and  channel  bottom  characteristics 
are  called  dynamic  equilibrium. 

Dynamic  equilibrium:  steady  and  unsteady  rela- 
tions between  discharge  and  bedload  transport: 

A  river  reach  is  in  dynamic  equilibrium  if  the 
input  of  bedload  into  a  reach  per  unit  of  time 
equals  the  amount  of  bedload  that  is  transported 
out  of  the  reach  according  to  the  capacity  of  flow. 
A  steady  relation  (good-fitting  rating  curve)  be- 
tween discharge  and  bedload  transport  rate 
would  be  the  result.  This  condition  is  rarely  ob- 
servable over  short  time  intervals  during  un- 
steady high  flow  conditions  in  bedload  carrying 
streams.  Natural  streams  are  typically  charac- 
terized by  a  dynamic  equilibrium.  Short-term 
aggradation  and  degradation  equal  out  without 
any  net  gain  or  loss  over  time.  These  adjustments 
naturally  imply  local  channel  change,  because 
bedload  does  not  move  constantly  but  is  trans- 
ported over  some  distance,  covers  this  distance  in 
several  distinct  steps,  and  finally  comes  to  rest  for 
some  time  (Ergenzinger  et  al.  1989;  Schmidt  et  al. 
1989,  1992*2;  Schmidt  and  Ergenzinger  1990, 
1992*). 

If  an  increase  in  discharge  produces  a  change 
in  the  local  hydraulic  conditions  of  a  stream  that 
is  in  dynamic  equilibrium  or  if  some  local  sedi- 
ment movement  occurs,  the  stream  responds  to 
this  disturbance  with  another  local  sediment  dis- 
location. That  is  how,  step  by  step,  one  sediment 
dislocation  leads  to  a  another  one.  The  adjust- 
ments of  the  river  bed  to  hydraulic  conditions  can 
take  place  more  easily  and  continuously,  the  more 
transportable  the  available  material.  A  dynamic 
equilibrium  between  flow  and  bedload  transport 
is  optimally  developed  in  braided  streams  where 
all  channels  are  perfectly  mobile  (Section  4.5.3). 

Supply-limited,  bedload  carrying  streams  de- 
velop a  dynamic  equilibrium  only  over  rather 
long  time  intervals,  which  means  that  a  good  rat- 
ing curve  is  only  obtained  by  averaging  a  number 
of  bedload  transport  rates.  Given  the  relatively 
small  amount  of  mobile  bedload  material,  the 
channel  bottom  cannot  adjust  continuously  to  the 
changing  local  conditions  of  unsteady  flow  dur- 
ing the  passage  of  high  flow  waves.  The  forces  of 


2 

Citations  with  an  asterisk  (*)  were  added  during  translation  to  supplement  the  listing. 
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flow  need  to  exceed  a  relatively  high  threshold 
value  before  they  can  cause  a  sediment  disloca- 
tion. This  produces  an  unsteady  adjustment 
process  between  flow  and  channel  bottom.  Un- 
steady relations  between  discharge  and  bedload 
transport  and  fluctuating  transport  rates  are  the 
consequences  (Section  5.1). 

A  simple  form  of  an  unsteady  relation  be- 
tween discharge  and  sediment  transport  is 
indicated  by  the  hysteretic  effects  of  rating  curves: 
transport  rates  are  different  for  the  same  dis- 
charges on  the  rising  and  the  falling  limb  of  flow. 
A  rating  curve  can  become  absolutely  chaotic  if  a 
combination  of  the  above  criteria  leads  to  some 
abrupt  changes  in  bedload  transport. 

Larger  transport  rates  on  the  rising  limbs  of 
flow: 

Larger  transport  rates  on  the  rising  limbs  of 
flow  than  for  the  same  flows  on  the  falling  limbs 
lead  to  clockwise  hysteresis.  This  precedence  of 
bedload  transport  in  comparison  to  flow  can  be 
attributed  to  several  reasons,  some  of  which  are 
sampling  artifacts. 

The  distance  between  sediment  sources  and  a 
measuring  site  immensely  affects  the  course  of  the 
temporal  variation  of  bedload  transport  and  the 
shape  of  the  rating  curve.  If  bedload  is  sampled  in 
a  short  distance  below  the  sediment  source,  bed- 
load  transport  rates  will  show  a  pronounced 
increase  already  on  the  rising  limb  of  flow.  If  the 
sediment  source  has  already  been  emptied  when 
flow  decreases,  this  will  produce  strong  hysteretic 
effects  (Klingeman  and  Emmett  1982). 

The  sequence  of  the  high  flow  events  and  the 
length  of  the  time  spans  between  events  modify 
the  rating  curve  shape  as  well,  because  prior 
flow  conditions  have  an  effect  on  the  sedimen- 
tological  conditions  of  the  river  bed  at  the  start 
of  a  new  high  flow.  If  high  flows  follow  each 
other  closely,  sediment  sources  can  become  de- 
pleted during  rising  flow.  Then  after  initially 
high  transport  rates,  no  sediment  is  left  for  the 
falling  limbs  of  flow  (Reid  et  al.  1985;  Banzinger 
and  Burch  1990). 

Sequential  high  flow  events  can  also  alleviate 
hysteretic  effects.  If  a  rather  small  high  flow  event 
is  preceded  by  a  time  period  with  flows  around 
the  threshold  of  motion,  flows  can  easily  erode 
even  large  particles  from  an  unconsolidated  chan- 
nel bottom  during  the  rising  limb  of  flow  (Reid  et 
al.  1985).  The  same  phenomenon  has  been  ob- 
served by  Klingeman  and  Emmett  (1982)  for  two 
consecutive  high  flow  events.  Bedload  transport 
set  in  during  the  second  high  flow  event  at  exactly 


the  same  discharge  at  which  it  had  ceased  during 
the  previous  event.  The  unconsolidated  channel 
bottom  obviously  provided  the  same  sedimen- 
tological  conditions  for  both  events. 

If  the  channel  bottom  comprises  the  only  sedi- 
ment source  and  discharge  does  not  reach  the 
competence  to  transport  all  grain  sizes,  the  coarse, 
nontransportable  material  deposits  on  the  channel 
bottom  while  transport  rates  decrease  and  come 
to  a  halt  (static  armor:  Gomez  1983).  This  conclu- 
sion contrasts  with  studies  by  Parker  and 
Klingeman  (1982),  Andrews  and  Parker  (1987), 
and  Parker  et  al.  (1982)  who  consider  an  enrich- 
ment of  coarse  particles  at  the  channel  bottom 
(armoring)  and  the  associated  increase  in  channel 
bottom  roughness  as  necessary  agents  to  maintain 
coarse  bedload  transport  rates  and  its  coarse 
grain-size  distribution  (mobile  armor;  Section 
5.3.1). 

Larger  transport  rates  on  the  falling  limbs  of 
flow: 

If  the  channel  bottom  is  still  armored  at  the 
beginning  of  high  flow,  bedload  transport  will 
reach  its  maximum  only  on  the  falling  limb.  Bed- 
load  transport  rates  can  be  several  factors  higher 
than  they  were  on  the  rising  limb  (Klingeman  and 
Emmett  1982).  The  degree  of  channel  stabilization 
or  the  time  span  needed  to  erode  a  bottom  parti- 
cle, respectively,  depends  on  the  duration  of  the 
low  flow  period  between  the  high  flow  events 
(Reid  et  al.  1985),  and  thus  on  the  sedimentary 
conditions  of  the  river  bed  (Banzinger  and  Burch 
1990). 

In  accordance  with  the  example  given  above,  a 
large  distance  between  sediment  source  and 
measuring  site  will  likewise  lead  to  a  delayed  arri- 
val of  the  sediment  with  respect  to  the  hydro- 
graph,  so  that  peak  transport  rates  will  only  occur 
during  the  falling  limbs  of  flow  (Klingeman  and 
Emmett  1982).  A  counterclockwise  hysteresis  is 
the  result. 

Disequilibrium:  long-term  change  in  the  rating 
curve: 

A  change  in  the  water  and  sediment  budget 
involves  a  disruption  in  the  stream's  equilibrium 
state.  The  discharge-transport  relation  not  only 
changes  over  mid-term  and  long-term  time  peri- 
ods but  is  also  characterized  by  extreme  unpre- 
dictability. The  loss  of  the  equilibrium  conditions 
and  the  disruption  of  the  sediment-discharge  rela- 
tionship can  be  produced  by  a  change  of  sediment 
supply  following  both  natural  or  human  impacts 
(Section  1.2). 
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A  prominent  change  in  the  sediment-dis- 
charge relationship  has  been  observed  at  Squaw 
Creek  on  two  occasions  during  the  last  decade. 
The  first  time  this  happened  was  when  an  extreme 
high  flow  event  with  a  20-year  recurrence  interval 
mobilized  the  entire  stream  bed  and  noticeably  al- 
tered the  channel  morphology  during  a  rain-on- 
snow  event  in  the  spring  of  1981.  When  the  river 
bed  adjusted  to  the  new  conditions,  the  unconsoli- 
dated channel  bed  continued  to  provide  trans- 
portable sediments  for  weeks  as  the  high  flow 
receded  (Ergenzinger  and  Custer  1983). 

The  second  event  occurred  at  Squaw  Creek 
during  the  snow  melt  of  1983  after  a  sudden  log 
jam  burst  just  upstream  the  measuring  site.  The 
contents  of  this  sediment  storage  became  avail- 
able, and  transport  rates,  as  well  as  grain  sizes, 
exceeded  the  usual  values  by  multitudes.  This 
event  also  altered  the  channel  morphology.  The 
high  sediment  supply  and  aggradation  increased 
the  water  level  so  that  erosion  could  attack  those 
parts  of  the  channel  that  had  not  been  subject  to 
erosion  under  comparable  flows  before.  Several 
small  gravel  bars  and  a  bank  line  that  had  been 
considered  as  stabile  were  eroded.  The  right  chan- 
nel, formerly  separated  by  an  in-stream  gravel 
bar,  aggraded  and  became  exposed  during  the 
falling  limb  of  flow.  Squaw  Creek  shifted  its  bed 
entirely  into  what  had  formerly  been  the  left  chan- 
nel and  degraded  it  by  several  tens  of  centimeters. 
This,  in  turn,  increased  transport  rates  gain  (Bu- 
gosh  1988;  Bugosh  and  Custer  1989;  Section  3.3). 

A  similar  disturbance  in  the  rating  curve  was 
demonstrated  by  Pitlick  and  Thorne  (1987)  at 
the  Roaring  River  and  Fall  River  in  Rocky 
Mountain  National  Park  (CO).  Following  a  dam 
break,  large  amounts  of  sediment  were  mobi- 
lized. A  misfit  of  the  temporal  variation  of 
bedload  transport  with  the  hydrograph  was  ob- 
servable for  all  measuring  stations  downstream 
from  the  break,  and  transport  rates  were  dispro- 
portionately large  or  small. 

The  above  gave  a  brief  literature  review  re- 
garding the  analyses  of  temporal  variations  of 
bedload  transport  in  the  medium-  and  long-term 
time  scale.  Examples  from  the  literature  showed 
how  preceding  discharge  events  and  sedimen- 
tological  conditions  on  the  stream  bed  affected  the 
temporal  relation  between  discharge  and  bedload 
transport  in  stream  systems  of  both  equilibrium 
and  disequilibrium  conditions.  The  next  step  in 
this  study  will  analyze  the  temporal  variation  of 
bedload  transport  at  Squaw  Creek  in  an  hourly 
resolution  and  compare  it  with  the  course  of  the 
hydrograph. 


5.3  Temporal  Variation  of  Bedload  Signal 
Rates  at  Squaw  Creek  Based  on  1-hour 
Intervals 

The  statistical  analyses  of  the  relations  be- 
tween hydraulic  parameter  and  bedload  transport 
show  only  fair  correlations  when  the  temporal 
scale  is  reduced  (daily  mean  values)  (Section  5.1; 
fig.  5.5).  The  poor  correlations  between  hydraulic 
parameters  and  bedload  transport  in  1-hour  reso- 
lution (fig.  4.9  and  fig.  5.1),  as  well  as  for  single, 
individual  samples  (fig.  5.2  and  fig.  5.3),  indicate 
that,  within  the  short-term  time  scale,  bedload 
transport  is  influenced  by  other  parameters  than 
flow.  These  parameters  need  to  be  identified  and 
analyzed. 

5.3.1  Data  measured  at  Squaw  Creek  in  1986 
and  1988 

The  following  data  were  measured  and  ana- 
lyzed at  Squaw  Creek  during  the  high  flows  of 
1986  and  1988.  The  combined  information  of  these 
data  sets  could  be  used  to  examine  the  temporal 
variability  of  bedload  transport: 

•  bedload  signal  rates  for  1-hour  intervals 
over  a  17-day  period  (1986)  (Sections  4.4.2, 
4.4.3,  5.3.2), 

•  bedload  signal  rates  in  5-minutes  intervals 
over  a  3-day  period  (1986)  (Sections  4.4.3 
and  5.4), 

•  individual  and  consecutive  bedload  sam- 
ples (1988)  (Sections  4.4.4  and  5.5.8), 

•  hydrographs  1986  and  1988  (Section  5.3.2), 

•  8-  to  12-hour  time  series  of  water  surface 
slope  (1986  and  1988)  (Sections  4.2.2  and 

5.3.3)  , 

•  Cross-section  topography  measurements 
(1988)  (Sections  4.3.3  and  5.3.4),  and 

•  velocity  profiles  (1988),  (Sections  4.2.1  and 

5.3.4)  . 

The  magnetic  tracer  technique  was  used  to 
measure  bedload  signals  continuously  during 
snowmelt  high  flow  in  spring  of  1986.  Signals 
were  computed  in  high  temporal  resolution  (Sec- 
tion 4.4.2).  Signal  rates  show  a  strong  temporal 
variation,  they  fluctuate,  and  sometimes  they  even 
pulsate  rhythmically  (fig.  5.7a  and  b).  The  tempo- 
ral variability  was  studied  on  the  basis  of  analyses 
in  1-hour  and  5-minute  resolutions.  Time  series 
obtained  at  Squaw  Creek  and  their  subsequent 
analyses  differ  from  other  published  time  series  in 
two  ways: 


57 


Figure  5.7a  -  b  Temporal  variation  of  bedload  signals: 

a)  fluctuating  transport, 

b)  pulsating  transport. 

Upper  lines:  detector  unit  5/6  in  the  center  of  the  stream; 
Center  lines:  detector  unit  7/8  at  the  thalweg  position; 
Lower  lines:  detector  unit  9/10  at  the  right  bank. 
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•  Both  time  series  are  very  long.  The  time 
series  at  1-hour  resolution  contain  425  data 
values  points  and  covers  almost  the  entire 
17-day  snowmelt  high  flow  period.  The 
time  series  at  5-minute  resolution  comprises 
890  data  values  and  covers  a  3-day  interval 
in  the  middle  of  high  flow. 

•  Fluctuations  of  bedload  transport  are  ana- 
lyzed in  two  different  time  scales  for  the 
same  time  interval. 

This  extremely  long  continuous  record  of  bed- 
load  transport  from  Squaw  Creek  provides  an  op- 
portunity to  analyze  the  temporal  variation  of 
bedload  transport  with  respect  to  both  persistence 
and  periodicity  of  transport  waves.  A  further 
analyses  of  bedload  transport  in  different  time 
scales  could  investigate  whether  bedload  trans- 
port fluctuations  are  the  product  of  superimposi- 
tions  of  various  transport  processes,  which  then 
cause  the  further  temporal  pattern  of  bedload 
transport. 


5.3.2  Bedload  patterns 

The  upper  part  of  Figure  5.8  shows  a  17-day 
hydrograph  of  the  1986  snowmelt  at  Squaw 
Creek,  Montana  between  May  27  and  June  14, 
1986.  Until  the  night  of  May  4  to  5,  flow  is  snow- 
melt dominated.  The  hydrograph  shows  the 
diurnal  fluctuations  of  flow  typical  for  a  snow- 
melt regime.  Daily  discharge  waves  increase 
steeply  and  decrease  at  a  lesser  rate  (Section  3.2.1). 
Two  thunderstorms  in  the  afternoon  of  June  5  and 
in  the  early  morning  of  June  9  produce  storm 
flows  that  are  effective  enough  to  override  the  di- 
urnal fluctuations  of  flow. 

The  lower  part  of  Figure  5.8  shows  the  tempo- 
ral variation  of  signals  rates  produced  by 
naturally  magnetic  pebbles  (andesites)  passing 
over  a  detector  log4.  The  continuous  record  of  sig- 
nals was  counted  for  hourly  intervals.  The  time 
series  of  signal  rates  show  that  bedload  transport 
disintegrates  into  a  series  of  distinct  bedload 
waves.  Signal  rates  increase  on  the  daily  rising 
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Figure  5.8  -  Temporal  variation  of  bedload  signal  rates  in  1-hour  resolution  over  a  17-day  period  during  a  typical  snow 
melt  high  flow  in  1986. 


This  Section  has  been  slightly  extended  during  translation  to  provide  a  little  more  detail  regarding  the  patterns  of  bedload  transport. 


The  recording  of  signal  was  only  started  on  May  27,  20:00.  System  tuning  during  the  first  two  days  of  high  flow  (May  27-28)  altered  the  sensitivity 
of  the  signal  registration.  Absolute  signal  count  rates  may  have  been  lower  during  this  period. 
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limbs  of  flow.  After  peak  flow  around  midnight, 
signal  rates  drop  drastically.  Much  lower  signal 
rates  are  registered  at  the  beginning  of  the  falling 
limbs  than  during  the  same  discharge  rates  on  the 
rising  limb.  A  few  hours  later,  on  the  falling  limb 
during  early  morning  hours,  bedload  activity  sets 
in  again  and  shows  fluctuating  signal  rates  (Bunte 
et  al.  1987).  Regarding  these  observations,  a  bed- 
load  transport  pattern  is  discernible  for  the  daily 
flood  waves.  Bedload  waves  can  be  differentiated 
into  three  parts.  The  three  colors  denote  recurring 
patterns  of  signal  rates  for  individual  high  flow 
days: 

•  Large  bedload  waves:  Each  daily  rising 
limb  of  flow  is  associated  with  a  wave  of 
bedload  transport  that  peaks  around  peak 
flow.  The  bedload  wave  can  be  twin-peaked 
(May  30  and  31).  Signal  rates  strongly  de- 
crease to  very  low  rates  after  peak  flow. 

•  Secondary  bedload  waves:  During  snow- 
melt  days  secondary  bedload  waves  occur 
on  the  falling  limbs  of  flow  about  4-6  hours 
after  the  peak  of  the  large  bedload  waves. 
During  the  wider  hydrographs  of  storm 
runoff  secondary  waves  occur  about  7  hours 
after  peak  of  bedload  transport. 

•  Tertiary  bedload  waves:  This  bedload  wave 
also  takes  place  during  the  fall  limbs  of  flow 
about  5  hours  after  the  peaks  of  the  secon- 
dary bedload  waves.  This  bedload  waves  is 
also  frequently  twin-peaked  with  both  max- 
ima about  4-5  hours  apart. 

Bedload  transport  repeats  this  pattern  on  all 
days  when  daily  mean  discharge  is  larger  than  5.5 
m3/s  (almost  bankfull  flow).  Days  with  lower 
flows  show  this  pattern  only  in  a  fragmentary 
way,  but  the  5-hour  frequency  of  bedload  waves 
is  usually  maintained  (June  3/4  and  4/5).  Two 
storm  flows  occur  on  June  5  to  7,  and  on  June  9  to 
12.  The  hydrographs  are  characterized  by  steep 
rising  limbs  and  2  to  4-day  flow  recessions.  Bed- 
load  waves  maintain  their  pattern  during  this 
storm  runoff,  but  take  a  longer  time  and  are  more 
symmetrical  than  during  snowmelt  days.  These 
two  storm  flows  offer  a  good  opportunity  to  com- 
pare the  temporal  variation  of  bedload  transport 
and  the  size  of  individual  bedload  transport 
waves  and  to  explain  their  dynamics. 

Large  bedload  waves: 

Both  storm  flows  have  similar  rising  limbs  re- 
garding their  steepness  and  amplitude.  The 
second  storm  flow  peaks  only  0.2  m3/s  higher 


than  the  first  one.  Initially,  bedload  transport  in- 
creases for  both  storm  flows,  but  around  peak 
flows  the  size  and  the  duration  of  the  bedload 
waves  take  a  slightly  different  course  for  each 
storm  event.  During  the  second  storm  flow  signal 
rates  decrease  shortly  after  peak  flow  and  reach 
their  minimum  6  hours  after  the  maximum  of  the 
bedload  wave.  During  the  first  storm  flow  signal 
rates  increase  until  two  hours  after  peak  flow,  and 
reach  a  maximum  twice  as  high  as  during  the  sec- 
ond event.  The  reason  for  this  different  behavior 
in  bedload  transport  must  be  due  to  previous  con- 
ditions of  flow  and  sedimentary  conditions  on  the 
river  bottom.  Prior  to  the  first  storm  flow,  bedload 
transport  was  low  but  never  ceased.  Transport- 
able sediments  must  have  been  stored  on  the  river 
bottom  close  to  the  measuring  station  and  then 
transported  across  the  detector  log  as  soon  as  the 
flow  increased  again.  Therefore,  in  spite  of  lower 
discharges,  bedload  transport  is  higher  during  the 
rising  limb  of  the  first  storm  flow. 

Secondary  and  tertiary  bedload  waves: 

The  rate  of  flow  decrease  is  similar  for  both 
storm  events  during  the  first  day  of  the  recession. 
Secondary  and  tertiary  bedload  waves  are  similar 
in  their  patterns,  but  vary  in  their  amplitudes.  Al- 
though discharge  is  about  0.3  m3/s  less  for  the 
first  event  compared  to  the  second  one  during  the 
beginning  of  the  recession,  the  first  event  still  has 
the  larger  secondary  bedload  wave.  It  is  assumed 
that  this  bedload  wave  is  generated  from  bedload 
material  stored  in  nearby  riffle-pool  sections.  This 
material  reaches  the  detector  during  the  secon- 
dary wave.  The  tertiary  bedload  wave  is  smaller 
during  the  first  storm  event  than  its  twin-peaked 
counterpart  during  the  second  storm.  The  capac- 
ity of  flow  would  have  been  sufficient  to  transport 
a  larger  amount  of  sediments  during  the  first 
storm  (compared  with  the  transport  rates  during 
the  early  morning  of  June  3),  but  the  supply  of 
transportable  sediments  is  now  exhausted.  Con- 
trarily,  a  new  mass  of  sediments  must  have 
reached  the  site  during  the  relatively  large  tertiary 
wave  of  the  second  storm  event. 

The  later  parts  of  both  storm  flow  recessions 
behave  differently,  both  with  respect  to  flow  as 
well  as  to  sediment  transport  5.  The  falling  limb  of 
the  first  storm  flow  has  reached  low  discharges 
and  minimal  transport  rates  during  its  second  day 
on  June  7.  However,  compared  to  the  discharge 
on  June  4,  transport  capacity  should  have  been 
sufficient  to  transport  a  threefold  amount  of  sedi- 
ment. The  second  day  of  the  falling  limb  of  the 
second  event  shows  a  completely  different  behav- 
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ior.  Flows  being  as  high  as  on  an  average  snow- 
melt  day,  another  large  bedload  wave  occurs  - 
around  midnight  -  without  any  peak  or  even 
an  increase  in  discharge.  This  bedload  peak 
reaches  the  same  amplitude  as  its  predecessor 
40  hours  ago,  although  the  discharge  has 
meanwhile  decreased  by  0.5  m3/s. 

The  reason  might  be  that  bedload  material 
was  made  available  on  the  river  bottom  during 
the  relatively  high  flows  of  the  second  runoff 
event.  As  the  sediment  supply  around  the  meas- 
uring site  seemed  to  have  been  depleted  for  some 
time  during  the  largest  flows  of  the  second  runoff 
event,  these  sediments  now  reach  the  measuring 
site  with  a  40-hour  delay  and  form  this  unex- 
pected bedload  wave.  Since  this  bedload  wave  is 
not  associated  with  an  increase  of  flow,  the  supply 
of  bedload  is  too  limited  to  form  a  subsequent 
secondary  wave.  However,  a  tertiary  wave  forms 
in  due  time. 

Similar  processes  of  sediment  supply  exhaus- 
tion and  replenishment  must  be  held  responsible 
for  the  wavy  patterns  of  bedload  transport  during 
the  snowmelt  days  6.  Despite  of  the  wavy  na- 
ture of  bedload  transport,  the  total  amount  of 
signals  per  discharge  day  (from  low  flow  to 
next  day's  low  flow)  correlates  strongly  with 
the  total  amount  of  discharge  during  that  pe- 
riod (r2  =  0.87)  (Section  5.1.5).  This  indicates 
that  the  long-term  (day-to-day)  relationship 
between  discharge  and  bedload  transport  is 
balanced. 

However,  the  proportions  of  these  three  waves 
to  each  other  change  over  the  duration  of  the 
snowmelt  flow.  Both  the  peak  rate  and  the  dura- 
tion and  thus  the  total  amount  of  signals  within 
the  primary  bedload  wave  decrease  strongly  with 
time.  This  pronounced  diminishment  of  the  pri- 
mary waves  is  partially  counteracted  by  the 
secondary  and  tertiary  waves,  although  both  of 
these  waves  are  much  less  variable  during  the 
snowmelt  high  flow  period.  In  the  time  between 
May  28  and  June  4,  the  secondary  (brown)  waves 
tend  to  just  slightly  decrease  with  time,  while  the 
amplitude  and  duration  of  the  signals  within  the 
tertiary  (orange)  waves  increases  over  the  same 
time  period.  This  gradual  shift  with  losing  pri- 
mary waves  and  gaining  tertiary  waves  means 
that  during  the  first  days  of  snowmelt  high  flow 


bedload  transport  is  strongest  on  the  rising  limbs 
of  flow,  suggesting  the  transport  of  nearby  avail- 
able bedload  material.  During  the  later  days  of 
high  flow,  the  nearby  or  easily  available  storage 
seem  to  be  depleted.  A  strong  tertiary  wave  at  the 
end  of  the  falling  limbs  of  daily  flow  suggests  that 
the  material  from  relative  distant  sources  has 
reached  the  site  and  the  amount  of  daily  bedload 
transport  is  strongly  supplemented  by  the  arrival 
of  this  new  material. 

Bedload  waves  of  similar  patterns  have 
been  reported  to  occur  in  flood  waves  by 
Schlatte  (1984),  Reid  et  al.  (1985),  Banzinger  and 
Burch  (1990),  and  Jackson  and  Beschta  (1982). 
All  cases  were  marked  by  the  abrupt  decrease  of 
large  transport  rates  soon  after  the  peak  flow,  as 
well  as  by  one  or  more  small  bedload  waves  on 
the  falling  limbs  of  flow.  Reid  et  al.  (1985)  ex- 
plain bedload  waves  at  Turkey  Brook  (Great 
Britain)  as  the  result  of  traction  carpets  where 
the  entire  upper  layer  of  the  channel  bottom 
moves  downstream  in  lobes  of  different  width 
and  velocity.  Jackson  and  Beschta  (1982)  suggest 
that  channel  change  is  the  reason  for  these  bed- 
load  waves.  No  explanation  is  given  by  the 
other  authors  for  the  abrupt  decrease  of  trans- 
port rates  and  the  isolated  bedload  waves  on  the 
falling  limbs. 

Naden  (1987a,  1987b,  and  1988)  modeled  the 
movement  of  single,  coarse  particles  within  a  two- 
grain-size  mixture  and  computed  the  temporal 
variation  of  calculated  bedload  transport  rates  in 
high  temporal  resolution.  Naden  determined  par- 
ticle erosion  and  transport  from  the  parameters 
channel  geometry,  flow  conditions,  absolute,  and 
relative  particle  size.  Transport  rates  were  deter- 
mined by  the  distance  over  which  particles  were 
transported.  This  modeled  temporal  variation  of 
transport  rates  during  the  passage  of  a  flood  wave 
shows,  similar  to  the  temporal  variation  of  bed- 
load  transport  at  Squaw  Creek,  the  abrupt 
decrease  of  transport  rates  after  the  peak  flow  has 
occurred.  Although  Naden  quantified  her  pa- 
rameters with  only  a  few  size  classes,  her  results 
are  highly  encouraging  to  continue  the  analyses  of 
the  interactions  between  flow,  single  particle 
movement,  channel  geometry,  and  bedload  trans- 
port rates. 


5 

This  paragraph  was  added  during  translation  for  reasons  of  clarity. 

6 

This  paragraph  was  added  during  translation  for  reasons  of  clarity. 
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5.3.3  Comparison  of  the  temporal  variation  of 
bedload  transport  with  the  temporal  variation  of 
the  water  surface  slope 

The  preceding  section  attempted  to  relate  the 
size  of  the  bedload  waves  to  the  "history"  of  flow 
and  inferred  stream  bed  conditions.  The  following 
sections  will  focus  on  the  interactions  between 
flow  conditions  and  channel  geometry  at  a  sedi- 
ment source  and  analyze  the  effects  of  these 
interactions  on  the  temporal  variation  of  bedload 
transport. 

It  was  explained  in  Section  4.5.1  how  the  tem- 
poral variation  of  the  water  surface  slope  can  be 
used  to  indirectly  indicate  local  channel  change 
and  a  dislocation  of  bedload. 

In  1986  and  1988,  the  locations  for  water  sur- 
face slope  measurements  (the  ends  of  the  tube 
levels)  were  on  the  left  bank  17.3  m  apart.  The 
upper  location  is  at  the  downstream  end  of  a  pool, 
and  the  lower  site  is  situated  at  the  upstream  end 
of  the  next  pool  downstream,  with  a  riffle  section 
in  between.  The  riffle  is  located  in  the  center  of  the 
stream,  about  5  m  from  the  left  bank  and  35  m 
upstream  from  the  detector  log  (fig.  3.7).  Hy- 
drographs,  the  temporal  variation  of  water 
surface  slope,  and  signal  rates,  or  sequential  meas- 
urements of  bedload  transport,  respectively  are 
depicted  for  several  time  intervals  during  the  high 
flows  of  1986  and  1988  (fig.  5.9  a-c). 

The  course  of  the  water  surface  slope  shows 
several  peaks  in  all  three  cases.  Maxima  in  signal 
rates  or  bedload  transport  rates  apparently  coin- 
cide with  the  second  or  third  increase  or  peak  of 
the  water  surface  slope.  To  take  a  closer  look  at 
the  causes  of  the  sudden  water  surface  slope  in- 
creases that  occur  after  peak  flows,  the  behavior 
of  the  water  levels  themselves  at  the  upstream 
and  downstream  locations  was  examined.  Figures 
5.10  and  5.12  show  the  examples  from  May  30  to 
June  1  in  1986  and  May  23-25  in  1988.  The  se- 
quence of  the  individual  water  level  readings  is 
numbered.  Figures  5.11  and  5.13  graphically  pre- 
sent the  sequence  of  the  water  surface  gradient 
between  the  two  measuring  points  for  both  high 
flows. 

The  numbered  water  levels  in  Figure  5.9b  and 
5.10,  and  the  corresponding  water  surface  slopes 
in  Figure  5.11  makes  it  possible  to  follow  the 
water  surface  activities  step  by  step.  The  compari- 
son between  water  levels  and  bedload  transport 
rates  lead  to  the  following  observations:  during 
the  first  half  of  rising  flow  in  the  night  from  May 
31  to  June  1,  1986,  water  surface  slope  reacts  as 
expected:  both  the  upstream  and  downstream 


water  levels,  and  the  slope  in  between  them,  in- 
crease from  measuring  time  1  to  measuring  time 
3.  Discharge  and  water  surface  slope  reach  their 
peaks  simultaneously  at  measuring  time  4.  Both 
water  levels,  upstream  and  downstream,  are 
higher  than  expected  according  to  stage  height. 
Additional  bedmaterial  must  have  accumulated 
both  on  the  upstream  and  the  downstream  side  of 
the  riffle  to  cause  this  increase  in  the  local  water 
level.  Signal  rates  at  the  detector  log  indicate 
strong  bedload  transport  activity.  At  measuring 
time  5  signal  rates  strongly  decrease  (fig.  5.9b). 
Both  water  levels  are  slightly  reduced,  but  they 
maintained  their  slope  (fig.  5.11).  At  measuring 
time  6  the  upper  water  level  decreases  while  the 
lower  water  level  is  somewhat  increased.  Bedload 
must  have  dislocated  from  the  riffle  towards  the 
pool.  A  further  transport  of  bedload  towards  the 
pool  is  now  also  indicated  by  an  increase  in  the 
lower  water  level  (time  7).  High  signal  rates  indi- 
cate vivid  bedload  transport  activity.  The  lower 
water  level  has  decreased  at  time  8  while  the  up- 
per water  level  remains  unchanged.  The  bed 
material  that  was  just  transported  towards  the 
pool  has  now  left  the  measuring  reach.  New  mate- 
rial has  not  accumulated  on  the  riffle  yet. 

By  analogy,  it  is  also  possible  during  the  night 
from  May  30  to  31  in  1986  to  identify  a  correspon- 
dence between  the  sequence  of  the  water  level 
changes  at  the  upper  and  lower  end  of  the  riffle 
and  the  temporal  variation  of  bedload  signals. 
Bedload  material  accumulates  at  the  riffle  and  is 
then  scoured  and  transported  towards  the  pool. 
The  pool  is  emptied  and  new  material  accumu- 
lates at  the  riffle.  After  the  pool  has  been  cleared, 
bedload  signals  immediately  reach  their  maxi- 
mum (fig.  5.9b). 

The  sequence  of  water  level  changes  at  the  up- 
per and  lower  tube  levels  and  discharge  is  also 
shown  in  comparison  with  bedload  transport 
rates  sampled  in  the  night  of  May  24  to  25  in  1988 
with  the  net-sampler  (fig.  5.12).  Figure  5.13 
graphically  presents  water  levels  and  surface 
slopes.  Increasing  water  levels  and  slopes  (meas- 
uring time  1  to  5)  indicate  again  sediment 
accumulation  on  the  riffle  during  rising  flows.  Al- 
though some  material  is  transported  towards  the 
pool,  the  pool  is  only  beginning  to  be  emptied  at 
time  6.  A  high  bedload  transport  rate  follows. 
Both  water  levels  continue  their  rise  during  wax- 
ing flow  (time  7).  Times  8  and  9  indicate  again 
large  bedload  dislocations  with  accumulations  at 
the  riffle  and  scour  at  the  pool  (time  8),  and  scour 
at  both  the  riffle  and  the  pool  at  time  9.  A  large 
bedload  transport  rate  passes  the  measuring  site 
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Figure  5.9a  -  Hydrograph,  measured  water  surface  slope,  and  bedload  signal  rates  over  a  2-day  period  from  May  26-28,  1986.  (The 
recording  of  signal  was  only  started  on  May  27,  20:00.  System  tuning  during  the  first  two  days  of  high  flow  (May  27-28)  altered  the 
sensitivity  of  the  registration.  Signal  count  rates  may  have  been  lower  during  this  period). 
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Figure  5.9b  -  Hydrograph,  measured  water  surface  slope,  and  bedload  signal  rates  plotted  over 
a  2-day  period  from  May  30  to  June  1, 1986.  Sequence  of  measuring  times  is  numbered. 


Figure  5.9c  -  Hydrograph,  measured  water  surface  slope,  and  bedload  transport  rates  deter- 
mined with  the  net  sampler  plotted  over  a  2-day  period  from  May  23-25, 1988. 
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Figure  5.10  -  Hydrograph,  bedload  signal  rates,  and  measured  water  levels  at  the  upper  and  lower 
water  level  tubes  plotted  over  a  2-day  period  from  May  30  to  June  1,  1986.  The  sequence  of 
measuring  times  is  numbered.  Water  level  heights  are  above  an  arbitrary  datum. 


Figure  5.11  -  Temporal  variation  of  water  surface  levels  at  the  upper  and  lower  water  level  tubes 
during  the  high  flow  wave  of  May  31  to  June  1 , 1 986. 
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Figure  5.12  -  Hydrograph,  bedload  signal  rates,  and  measured  water  levels  at  the  upper  and  lower 
water  level  tubes  plotted  over  a  2-day  period  from  May  23-25,  1988.  The  sequence  of  measur- 
ing times  is  numbered.  Water  level  heights  are  above  an  arbitrary  datum. 

Lower  tube 


Figure  5.13  -  Temporal  variation  of  water  surface  levels  at  the  upper  and  lower  water  level  tubes  during  the  high  flow 
wave  of  May  24-25,  1988. 
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at  the  detector  log  soon  afterwards.  Water  levels 
at  time  10  and  11  indicate  again  sediment  disloca- 
tion from  riffle  to  pool.  Large  bedload  transport 
rates  are  sampled  downstream  a  little  later. 

The  aggradation  and  degradation  of  sediment 
stored  at  a  riffle  and  bedload  waves  following  this 
process  can  be  seen  at  Squaw  Creek  by  observing 
the  water  surface  dynamics  recordable  by  sequen- 
tial water  level  reading.  Sediment  accumulates  on 
a  riffle,  is  transported  from  riffle  to  pool,  and  fi- 
nally leaves  the  pool.  Bedload  waves  are  recorded 
35  m  downstream  at  the  detector  log  on  the  falling 
limbs  of  flows  about  an  hour  after  these  sediment 
dislocations  have  occurred.  Jackson  and  Beschta 
(1982)  documented  similar  observations  at  Flynn 
Creek  in  Oregon.  A  pronounced  change  in  bed- 
load  transport  rates  occurs  synchronously  with 
changes  in  channel  geometry.  Sediment  is  depos- 
ited on  a  riffle  during  rising  flows.  This  sediment 
is  eroded  as  discharges  continues  to  rise.  This 
leads  to  a  strong  increase  of  bedload  transport 
rates.  Scour  at  the  temporary  sediment  storage  on 
the  riffle  ceases  after  peak  flow  has  passed.  Bed- 
load  transport  rates  stay  high  for  awhile,  but 
decrease  as  sediment  is  deposited  on  the  riffle 
during  waning  flow.  Another  bedload  wave  fol- 
lows after  the  riffle  sediment  storage  is  depleted 
again. 

Sequential  changes  of  water  surface  slope  on 
the  rising  limbs  of  flow  can,  unfortunately,  not 
be  used  to  indicate  that  bedload  transport  waves 
result  from  a  step-wise  dislocation  of  sediment 
from  riffles  to  pools.  The  temporal  change  of 
water  surface  slope  is  the  response  to  a  combina- 
tion of  effects,  such  as  the  volume  of  flow,  its 
unsteadiness,  and  changes  in  flow  width.  On  the 
steep  rising  limbs  it  is  difficult  to  distinguish  the 
proportions  of  water  surface  slope  that  are  at- 
tributable to  an  increase  of  flow  from  responses 
to  other  factors. 

A  combined  team  effort  featuring  the  simulta- 
neous detailed  surveys  of  the  channel  bottom 
geometry  and  continuous  registrations  of  water 
surface  slope  and  bedload  transport  need  to  be 
accomplished  in  order  to  gain  a  better  under- 
standing of  the  dynamics  of  the  temporal 
variability  of  bedload  transport.  The  inexpensive 
tube  levels  could  be  used  in  several  locations  in 
the  stream  long  profile.  The  analyses  of  the  tem- 
poral and  spatial  variations  of  the  water  surface 
slope  could  make  it  possible  to  follow  bedload 
waves  on  their  way  downstream  and  determine 
their  travel  velocity.  Present  results  indicate  that 
bedload  waves  cover  the  35  m  distance  between 
the  riffle  and  the  detector  log  in  less  than  1  hour. 


This  means  that  bedload  waves  at  Squaw  Creek 
move  with  a  speed  in  the  order  of  centimeters  to 
decimeters  per  second. 

5.3.4  Cross-sectional  changes  across  the  riffle 

Berry  (1988)  analyzed  the  temporal  and  spatial 
variation  of  channel  geometry  across  a  riffle  dur- 
ing the  spring  high  flow  in  1988  at  Squaw  Creek. 
The  cross-sectional  profile  was  measured  in  10  cm 
increments  using  the  "Tausendfiifiler"  profiling 
device  each  3  hours  over  a  time  period  of  29  hours 
(Sections  4.3.3  and  4.5.2). 

Berry's  analyses  during  the  passage  of  a  high 
flow  wave  of  May  23  to  24,  1988,  showed  that 
changes  in  the  cross-sectional  stream  geometry 
are  limited  to  individual  sections  of  1-2  m  width, 
which  add  up  to  a  total  active  width  of  4-6  m.  The 
variability  of  the  channel  bottom  geometry  ranged 
between  5  and  20  cm. 

The  measuring  period  of  cross-sectional  pro- 
file measurements,  unfortunately,  does  only 
partially  overlap  with  the  period  of  simultaneous 
water  surface  slope,  flow  velocity,  and  bedload 
transport  measurements.  Therefore,  the  only 
statement  that  can  be  made  for  the  night  of  May 
24,  1988,  is  that  the  extent  of  cross-sectional 
changes  increases  with  flow.  Some  aspects  of  the 
cross-sectional  development  are  also  visible  in  the 
sequential  measurements  of  the  water  surface 
slope:  A  phase  of  sediment  accumulation  in  the 
cross-section  between  18:00  and  21:00  hours  corre- 
sponds with  an  increase  of  water  surface  slope, 
while  the  water  surface  slope  decreases  again  dur- 
ing an  erosional  phase  between  21:00  and  23:20 
hours,  May  24, 1988. 

Fast  surveys  of  the  channel  geometry  are  nec- 
essary in  order  to  establish  the  relation  between 
bedload  waves  and  channel  change.  A  measuring 
time  of  less  than  5  minutes  would  be  desirable 
because  bedload  waves  are  often  not  longer  than 
20  minutes  (Section  5.4). 

Based  on  the  present  observations,  two  ques- 
tions arise: 

•  Why  is  bedload  material  cyclically  accumu- 
lated and  scoured  from  a  riffle? 

•  What  is  the  function  of  a  riffle-pool  mor- 
phology with  respect  to  channel  change  and 
bedload  transport? 

Starting  with  the  second  question,  the  next 
paragraphs  try  to  shed  some  light  onto  these 
questions. 
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Riffle-pool  morphology: 

Riffles  and  pool  are  spatially  sequential  phe- 
nomena along  the  stream  long  profile.  The 
distance  between  riffles  and  pools  depends  on 
discharge  conditions  and  the  amount  of  transport- 
able sediment.  Leopold  et  al.  (1964)  give  a 
pool-to-pool  distance  (/)  as: 

/  =  (5  to  7)  w  (6a) 

where  /  is  the  pool-to-pool  distance  and  zv  is  the 
stream  width.  Morisawa  (1985)  gives  the  pool- 
spacing  as: 

/  =  5.42w101  (6b) 

This  formula  can  be  simplified  to: 

/  =  5.5  w  (6c) 

which  gives  a  pool-to-pool  distance  between  45 
and  55  for  Squaw  Creek  with  a  bankfull  stream 
width  of  8-10  m.  The  measured  pool-to-pool  dis- 
tance at  Squaw  Creek  is  about  50  m.  This  corre- 
sponds well  to  the  distance  given  by  both  authors. 

A  riffle-pool  morphology  makes  it  possible  for 
a  supply-limited  stream  to  minimize  its  energy  ex- 
penditure (Yang  1971).  Other  than  in  a  transport- 
limited  braided  stream,  supply-limited  streams 
have  only  small  amounts  of  transportable  sedi- 
ment available  to  minimize  energy  expenditure. 
The  adjustment  between  flow  and  channel  geome- 
try is  therefore  limited  to  a  few  locations  within 
the  stream  morphology.  Coming  from  a  narrow 
and  deep  pool,  the  stream  "fans"  widely  in  the 
reach  of  a  riffle.  The  downstream  energy  of  flow  is 
decreased  by  the  distribution  of  flow  into  a  new 
cross-sectional  form  with  shallow  depth  and  large 
width,  as  well  as  by  the  larger  absolute  and  rela- 
tive roughness  and  a  more  turbulent  flow.  While  a 
high  shear  stress  in  the  pools  during  high  flows 
ensures  the  transit  of  bedmaterial  and  keeps  pools 
clear  of  sediment  accumulations,  riffles  become 
the  "staple  locations"  of  sediment  transport.  Sedi- 
ment arrives,  is  sorted  according  to  the  interac- 


tions between  local  hydraulics  and  stream  rough- 
ness, and  sent  off  again  in  a  new  distribution.8 

Cyclic  accumulation  and  scour  at  a  riffle: 

P.  Carling  and  M.  Glaister  had  performed 
their  detailed  velocity-profile  measurements  in 
0.5  m  spacings  in  the  same  cross-section  in  which 
Berry  (1988)  conducted  her  cross-sectional  sur- 
veys (fig.  4.14a-b).  For  some  time  intervals  these 
two  measurements  overlapped.  Owing  to  the 
Prandtl  law  of  vertical  velocity  distribution,  the 
gradients  of  the  isovels  can  be  used  to  calculate 
the  boundary  shear  stress  (t0).  P.  Carling  and  M. 
Glaister  could  then  plot  the  temporal  variation  of 
the  boundary  shear  stress  (t0)  over  a  cross-section 
at  Squaw  Creek. 

Comparing  these  cross-sectional  and  temporal 
variations  of  boundary  shear  stress  with  the  cross- 
sectional  and  temporal  variation  of  the  channel 
microtopography,  Berry  (1988)  found  that  often 
large  roughness  is  smoothed  by  large  shear 
stresses  which  erode  the  coarsest  particles.  When 
shear  stresses  are  small,  large  roughness  tends  to 
be  reduced  by  an  in-fill  of  the  interstices  with 
fines. 

This  result  was  further  extended  in  this  study 
into  a  conceptual  model  describing  the  relation 
between  the  temporal  and  spatial  sequences  of 
roughness  and  channel  change  and  the  temporal 
variation  and  spatial  variation  of  the  shear  stress 
exerted  onto  the  stream  bottom. 

5.3.5  Conceptual  model  regarding  the 
adjustment  of  the  stream  bottom  to  flow 
hydraulics  across  a  riffle 

The  model  introduced  below  should  help  to 
explain  processes  and  effects  that  occur  as  the  bed 
particles  are  dislocated  during  the  adjustment  of 
the  channel  bottom  to  the  hydraulics  of  flow  (fig. 
5.14). 

The  primary  condition  is  a  rough  channel  bot- 
tom at  a  riffle  where  coarse  particles  have  settled. 
The  four  columns  in  the  diagram  of  Figure  5.14 
show  different  flow  depths  in  rows  1  and  3.  The 
flow  depths  in  these  four  columns  can  either  de- 
pict a  temporal  or  a  spatial  sequence.  Flow  depths 


7 

The  study  on  stream  morphology  by  Montgomery  and  Buffington  (1993)  had  not  appeared  yet. 


Emmett  et  al.  (1983)  show  how  the  zones  of  highest  stream  power  shift  from  riffles  during  low  flows  to  pools  during  high  flows.  That  way  riffles 
become  short-term  sediment  storage  during  high  flows,  while  pools  become  long-term  storage  for  sediment  between  high  flows  (see  Meade  1985). 
Thompson  (1994)  indicates  in  his  thesis  that  the  high  stream  power  in  pools  during  high  flows  is  due  to  the  fact  that  the  downstream  oriented  part 
of  flow  comprises  only  the  central  part  of  the  pool  cross-section,  while  lateral  parts  of  the  pool  are  dominated  by  recirculating  eddies  with  no  net 
downstream  movement  of  flow. 
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Figure  5.14  -  Conceptual  model  demonstrating  different  degrees  of  river  bed  adjustment  processes  in  response  to  the  sedimentological 
conditions  at  the  stream  bottom  and  flow  hydraulics  at  a  riffle  reach. 
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affect  the  shape  of  the  velocity  profiles.  The  larger 
the  vertical  velocity  gradients,  the  larger  the  shear 
stress  r0  exerted  onto  the  stream  bottom.  This  pro- 
portionality is  expressed  by  the  shear  stress 
equation  for  Newtonian  fluids: 

6v/dd  =  %+e)™  (7) 

where  / dd  denotes  the  velocity  gradient,  and  rj 
and  £  are  the  dynamic  viscosity  and  the  eddy  vis- 
cosity. 

The  differentiation  of  shear  velocities  into  very 
large,  large,  small,  and  very  small  in  the  upper 
row  of  the  diagram  in  Figure  5.14  is  only  to  de- 
note relative  differences. 

The  adjustment  of  the  channel  bottom  to  the 
hydraulics  of  flow  takes  different  behaviors,  de- 
pending on  the  relative  size  of  the  shear  stress 
and  the  grain-size  composition  of  the  stream 
bed.  In  step  2  of  the  model,  large  shear  stresses 
erode  the  coarsest  particles  from  the  top  of  the 
stream  bed,  while  small  shear  stresses  fill  inter- 
stices with  fines  (Berry  1988).  When  shear 
stresses  are  extremely  large  or  extremely  small, 
the  channel  bottom  cannot  adjust  to  flow  by  a 
few  single  particle  dislocations  within  the  upper 
surface  layer  only.  Extremely  large  shear 
stresses  erode  an  entire  surface  layer  1-2  grain- 
size  diameters  thick.  (Berry  (1988)  measured  a 
depth  variability  of  5-20  cm  within  the  course  of 
a  high  flow  day.)  If  local  shear  stresses  are  very 
small,  a  likewise  thick  layer  of  particles  is  de- 
posited. 

The  channel  bottom  conditions  produced  by 
step  2  of  the  model  are  again  exerted  to  various 
shear  stresses  in  step  3.  The  extent  of  the  newly 
acting  shear  stress  depends  on  the  previous  de- 
gree of  channel  change.  If  the  water  level  in  each 
scene  is  fixed  on  the  same  absolute  level  in 
which  it  was  at  the  start  of  the  cycle,  then  water 
levels  increase  with  the  depth  of  prior  erosion 
and  decrease  with  the  thickness  of  prior  deposi- 
tion. 

In  step  4,  the  channel  bottom  adjusts  again  in 
response  to  the  strength  of  flow  given  from  the 
vertical  velocity  gradients  and  to  the  roughness 
conditions.  Small  shear  stresses  on  a  rough  chan- 
nel bottom  lead  to  a  deposition  of  coarse  particles. 
Large  shear  stresses  on  a  smooth  channel  lead  to  a 
winnowing  of  the  fines  that  had  filled  the  intersti- 
ces before.  Extreme  changes  of  local  shear  stresses 
again  cause  large  channel  changes.  The  high  ero- 
sion or  accumulation  rates  do  not  only  alter  the 
roughness,  but  also  the  shape  of  the  channel. 


The  following  patterns  of  bedload  transport 
dynamics  emerge  from  this  model  conception 
with  respect  to  the  amounts  and  grain-size  distri- 
bution of  the  sediment  involved  in  the  adjustment 
dislocations: 

•  If  the  channel  adjustment  is  limited  to  indi- 
vidual particles  of  different  grain  sizes  from 
the  upper  surface  layer,  this  causes  the 
movement  of  small  amounts  of  bedload  that 
is  either  predominantly  coarse  or  predomi- 
nantly fine,  depending  on  roughness  and 
flow  conditions  (fig.  5.14  column  2  and  3). 

•  If  the  entire  bottom  layer  is  reformed  during 
large-scale  river  bed  adjustments,  this  in- 
volves high  bedload  transport  rates  that 
comprise  the  entire  grain-size  spectrum 
(column  1  and  4). 

The  processes,  schematically  depicted  in  col- 
umns 1  to  4,  can  either  represent  a  spatial 
variation  or  a  temporal  sequence.  The  extent  of 
the  channel  change  and  its  temporal  variance  de- 
termine the  fluctuations  of  bedload  transport.  The 
fluctuations  alternate  between  large  transport 
rates  with  wide  and  even  grain-size  spectra  and 
small  transport  rates  with  narrow  and  uneven 
grain-size  spectra,  which  have  been  truncated  on 
either  their  coarse  or  their  fine  end. 

Before  this  conceptual  model  is  tested  against 
the  grain-size  distributions  of  serial  bedload  sam- 
ples later  in  Section  5.5,  Section  5.4  will  examine 
the  phenomena  of  bedload  waves  observable  un- 
der high  temporal  resolution  and  try  to  identify 
the  respective  transport  mechanisms. 

5.3.6  Results 

The  various  forms  of  river  bed  adjustments  in 
coarse  bedload  carrying  stream  can  be  combined 
as  follows:  If  a  stream  is  in  dynamic  equilibrium 
bedload  transport  during  "ordinary"  high  flows  is 
more  continuous,  when  more  transportable  sedi- 
ment is  available.  A  fluctuation  of  bedload 
transport  rates  in  mountain  streams  indicates  dis- 
continuous adjustments  between  the  conditions  of 
flow  and  the  conditions  on  the  stream  bed.  If  the 
equilibrium  of  a  stream  is  disturbed  by  impacts 
on  both  the  water  and  sediment  budget  from  a 
natural  or  human  source,  this  can  lead  to  unpre- 
dictable bedload  transport  rates  and  a  drastic 
change  of  the  channel  morphology. 

Most  time  series  of  coarse  bedload  transport  in 
streams  shown  in  the  literature  are  either  of  short 
duration  and  comprise  only  the  passage  of  a  one- 
day  high  flow  wave  or  the  temporal  resolution  of 
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the  records  is  not  sufficient  for  an  analysis  of  the 
temporal  variability.  A  17-day  continuous  record 
of  coarse  material  bedload  transport  (pebbles  and 
larger)  was  obtained  using  the  magnetic  tracer 
technique  at  Squaw  Creek.  This  long  record 
makes  it  possible  to  analyze  the  temporal  vari- 
ation of  bedload  transport  with  respect  to 
periodicity,  persistence,  and  correspondence  to 
discharge. 

The  visual  analysis  of  fluctuating  transport 
rates  at  Squaw  Creek  during  a  snowmelt  high 
flow  indicates  a  pattern  of  three  bedload  waves 
that  occur  during  each  discharge  wave:  The  pri- 
mary bedload  wave  corresponds  to  rising  and 
peak  flow,  and  another  secondary  and  tertiary 
bedload  wave  pass  on  the  falling  limbs  of  flow. 
The  size  of  the  bedload  waves  is  attributable  to 
the  preceding  history  of  flow  and  the  conditions 
on  the  river  bed  (degree  of  consolidation). 

The  temporal  variation  of  coarse  bedload 
transport  can  usually  not  be  compared  with  other 
parameters  in  their  temporal  variations  because, 
in  most  of  the  cases,  flow  is  the  only  other  pa- 
rameter that  is  recorded  as  a  time  series.  This 
restriction  reduces  the  analyses  of  the  bedload 
fluctuations,  or  unsteady  bedload  transport  -  dis- 
charge relations,  to  a  mono-causal  interpretation. 
However,  recognizing  that  bedload  transport  is 
part  of  a  complex  system  of  interactions,  a  mono- 
causal  interpretation  is  not  adequate,  especially 
since  various  studies  have  attributed  the  temporal 
variations  of  bedload  transport  to  a  number  of  dif- 
ferent causes  in  different  streams.  Bedload 
transport  results  in  its  temporal  variation  from  a 
combination,  or  an  interaction,  of  various  proc- 
esses. Therefore,  it  should  be  attempted  to 
measure  these  parameters  (e.g.,  channel  geometry, 
grain-size  distribution  of  the  river  bed  and  of  bed- 
load,  and  flow  conditions)  in  their  temporal  and 
spatial  variation,  so  that  time  and  spatial  series 
can  be  related  to  the  temporal  and  spatial  phe- 
nomena of  bedload  transport. 

Measurements  at  Squaw  Creek  made  it  possi- 
ble to  compare  time  series  of  bedload  transport 
and  discharge  with  fragmentary  time  series  of 
water  surface  slope,  channel  geometry  and  bed- 
load  transport  rates  and  their  grain-size  distribu- 
tions. Even  if  the  temporal  and  spatial  resolution 
of  these  measurements  leaves  much  to  be  desired, 
they  can  nevertheless  demonstrate  that  bedload 
transport  is  part  of  a  complex  interactive  system. 
Based  on  the  analyses  of  water  surface  slope,  pri- 
mary bedload  waves  near  peak  flow  can  be  inter- 


preted as  discontinuous  adjustment  processes  of 
the  channel  bed  to  flow  conditions  at  a  riffle  area. 
For  the  time  period  around  peak  flow,  and  on  the 
early  recession,  the  unsteady  behavior  of  the 
water  surface  slope  can  be  used  as  an  indicator  for 
accumulation  and  erosion  of  bedload  material  at  a 
riffle  and  its  subsequent  dislocation  into  and  out 
of  a  downstream  pool.  Unfortunately,  it  is  not 
possible  to  extend  this  analysis  to  the  rising  limbs. 
The  effects  of  the  fast  changing  water  level  during 
the  approach  of  a  flood  wave  override  the  effects 
of  channel  change  on  the  temporal  course  of  the 
water  surface  slope.  The  analyses  could  well  be 
extended  during  the  entire  falling  limbs  of  flow,  if 
a  larger  measuring  crew  or  an  automated  record- 
ing was  available.  Continuous  and  temporal  high 
resolution  measurements  of  hydraulic  conditions, 
changes  of  channel  geometry,  and  roughness  are 
necessary  to  analyze  bedload  transport  processes 
in  their  causal  relations  with  hydraulic  conditions, 
and  the  sedimentologic,  geometric  and  mor- 
phologic conditions  of  the  stream  bottom. 

The  combined  results  of  the  cross-sectional  mi- 
cro-profile measurements  at  a  riffle  carried  out  by 
P.  Ergenzinger  and  T.  Berry  and  simultaneous 
measurements  of  the  spatial  and  temporal  vari- 
ations of  the  velocity  profiles  by  P.  Carling  and  M. 
Glaister  (fig.  4.14a  -  b)  could  be  extended  to  a  con- 
ceptual model  that  explains  the  processes  of 
bedload  transport  in  a  riffle  reach.  The  model  de- 
scribes a  temporal  or  spatial  variation  of  bedload 
transport  and  its  grain-size  distribution  from  the 
interactions  between  flow  hydraulics  and  channel 
roughness. 

5.4  Analyses  of  the  Temporal  Variation  of 
Bedload  Transport  in  High  Temporal 
Resolution 

Processes  that  lead  to  fast  fluctuations  of  bed- 
load  transport  (in  the  order  of  minutes)  can  be 
analyzed  in  two  different  ways: 

1)  other  parameters  are  measured  in  a  compa- 
rably high  resolution  and  time  series  are 
compared  for  similar  patterns,  or 

2)  the  temporal  structure  of  the  fluctuations  is 
investigated  assuming  that  the  temporal 
variation  of  bedload  transport  is  a  function 
of  several  temporally  varying  parameters 
and  their  effects  are  superimposed. 
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Comparison  between  high  temporal  resolution 
time  series  of  bedload  transport  and  other 
stream  parameters: 

It  is  very  difficult  to  perform  quantitative  tem- 
poral high  resolution  field  measurements  of 
sedimentological  processes  at  the  channel  bottom 
(e.g.,  variability  of  channel  geometry,  roughness, 
passage  of  bedforms,  bedload  transport  rates  and 
their  grain-size  distributions).  Such  measurements 
are  usually  restricted  to  the  manageable  environ- 
ment of  laboratory  investigations,  unless  new 
measurement  techniques  are  developed  and  ap- 
plicable for  field  conditions  e.g.,  a  shallow  water 
sonar  for  a  fast  registration  of  channel  bottom 
roughness  and  geometry  or  the  magnetic  tracer 
technique  for  fast  registration  of  bedload  signals 
and  their  grain-sizes  (Spieker  1988).  Some  high- 
tech measurements  of  flow  forces,  such  as  the  fast 
registration  of  extent  and  direction  of  flow  veloci- 
ties (turbulence)  and  the  amount  and  grain  sizes 
of  sediment  transported  as  a  response  to  turbu- 
lence activity  can  be  done  at  the  bottom  of 
relatively  deep  and  manageable  tidal  waters  with 
small  grain  sizes  (Heathershaw  and  Thorne  1985). 
But  such  measurements  are  problematic  in  shal- 
low, turbulent  flows  in  rough,  high  energy 
mountain  streams.9  Laboratory  analyses  are  a 
much  easier  environment  for  such  experiments 
(Brayshaw  1985;  Williams  et  al.  1990;  Apperley 
and  Raudkivi  1989). 

Analyses  of  the  temporal  structure  of  bedload 

waves 

It  can  be  hypothesized  that  the  temporal  vari- 
ation of  bedload  transport  comprises  the  sum  (or 
the  product)  of  various  processes  that  lead  to  tem- 
porally varied  bedload  transport  rates.  The 
sedimentary  effects  of  several  temporally  varied 
processes  are  hidden  within  the  temporal  struc- 
ture of  long  time  series  from  measurements  in 
streams.  A  time  series  analysis  can  statistically 
separate  different  bedload  transport  frequencies 
and  check  bedload  waves  for  superimposition  of 
various  bedload  frequencies  that  might  be  attrib- 
utable to  the  respective  processes.  Laboratory 
experiments,  on  the  contrary,  eliminate  many  of 
the  parameters  that  affect  bedload  transport. 
Transport  patterns  thus  derived  might  only  pro- 
vide reduced  insights  into  the  processes  that  occur 


in  natural  streams.  The  question  arises  in  how  far 
laboratory  experiments  are  suitable  to  analyze  the 
combination  of  processes  that  lead  to  a  temporal 
variability  of  bedload  transport  in  gravel-bed 
streams. 

5.4.1  Analyses  of  bedload  waves  at  Squaw 
Creek  based  on  5-minute  intervals 

A  more  detailed  analysis  of  fluctuating 
transport  rates  requires  a  larger  time  scale  than 
the  1-hour  resolution  used  in  Section  5.3.  A  time 
period  of  74  hours,  from  May  30,  22:00  to  June  2, 
24:00,  was  selected  from  the  17-day  time  series  of 
1986  to  perform  an  analysis  in  higher  temporal 
resolution.  Signal  rates  were  calculated  for 
5-minute  intervals  and  plotted  in  Figure  5.15.  The 
time  series  yielded  890  data.  The  course  of 
bedload  transport,  that  was  already  considered  to 
be  fluctuating  in  a  1-hour  resolution,  was  found  to 
disintegrate  into  many  small  bedload  waves  as 
the  temporal  scale  is  enlarged  by  a  factor  of  12. 
These  bedload  waves  are  analyzed  with  respect  to 
periodicity,  amplitude,  duration,  and  symmetry 
employing  different  methods: 

•  Visual  analysis, 

•  Statistical  time  series  analysis,  and 

•  Statistical  analysis. 

5.4.1.1  Visual  analysis 

A  visual  analysis  of  the  time  series  leads  to  the 
following  results  (fig.  5.16): 

1)  The  relation  between  bedload  transport 
and  discharge  becomes  more  apparent  if  the 
peaks  of  largest  waves  are  connected  by  a  drawn 
line.  This  new  "course"  of  bedload  transport  is 
quite  comparable  to  the  course  of  flow,  but  shows 
a  lag  time  to  flow  of  about  1.5  hours. 

2)  A  line  connecting  all  bedload  peaks 
makes  especially  those  bedload  waves  visible 
which  occur  each  5-6  hours  during  the  falling 
limbs  of  flow. 

3)  This  line  also  points  out  the  smallest  bed- 
load  waves  that  follow  each  other  in  a  1-hour 
frequency.  These  waves  are  best  detectable  on  the 
falling  limbs  of  flow  on  June  1  and  2. 

4)  A  line  connecting  all  minima  or  "troughs" 
of  the  bedload  waves  (provided  that  the  wave  be- 
tween the  minima  has  a  duration  of  more  than  5 


9 

As  part  of  the  research  project  granted  to  P.  Carling  by  the  US  Army  Corps  of  Engineers  (final  report  by  Carling  et  al.  1993),  J.  Williams  and  P. 
Carting  succeeded  to  perform  measurements  of  turbulence  at  Squaw  Creek  in  1991  and  1992,  using  an  electromagnetic  current  meter  (EMCM). 
Acoustic  signals  from  bedload  motion  close  to  the  EMCM  were  intended  to  be  recorded  with  a  hydrophone.  Unfortunately,  flows  were  not  high 
enough  during  the  presence  of  the  researchers  to  cause  substantial  bedload  transport. 
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minutes)  shows  a  periodicity  of  1.5  hours  for  the 
large  bedload  waves  that  pass  during  highest 
flows. 

A  interrelation  exists  between  the  time  of  oc- 
currence of  bedload  waves  and  the  amplitude  of 
these  bedload  waves.  The  amplitude  is  defined  as 
the  highest  signal  rate  within  a  bedload  wave.  The 
following  links  are  visible  from  Figure  5.17: 

•  Bedload  waves  occurring  around  daily 
peak  flows  have  amplitudes  between  18 
and  42  signals  per  5  minutes  with  a  mean 


signal  rate  of  25.  These  waves  will  be  called 
major  bedload  waves. 

•  Bedload  waves  occurring  about  each  5 
hours  have  amplitudes  between  11  to  15  sig- 
nals per  5  minutes  with  a  mean  signal  rate 
of  12.  These  waves  will  be  called  minor  bed- 
load  waves. 

•  Small  bedload  waves  with  signal  rates  of 
5-10  signals  per  5  minutes  are  observed  to 
pass  in  hourly  frequencies. 


May  31  June  1  June  2 


Figure  5.15  -  Temporal  variation  of  bedload  signal  rates  in  5  -  minute  resolution  over  a  3-day  period  from  May  31  to  June  2, 1986. 

Dynamics  of  Gravel-Bed  Rivers.  P.  Billi,  R.D.  Hey,  C.R.  Thorne,  P.  Tacconi  (editors),  1992,  John  Wiley  &  Sons  Ltd.,  Chichester, 
England,  Reproduced  by  permission  of  John  Wiley  and  Sons  Limited. 


Line  connecting  peaks  of  the  largest  bedload  waves 


May  31  June  1  June  2 


Figure  5.16  -  Drawn  lines  connecting:  a)  the  maxima  of  the  largest  bedload  waves,  b)  the  relative  maxima  of  bedload  waves  (smaller 
peaks),  and  c)  the  minima  between  bedload  waves. 
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Figure  5.17  -  Temporal  occurrence  of  various  bedload  waves  during  the  passage  of  several  high  flow  waves  over  a  3-day  snow  melt 
high  flow  period. 


•  A  wave  structure  is  no  longer  apparent  when 
signal  rates  drop  below  4  signals  per  5  min- 
utes. This  transport  is  therefore  called 
random.  Although  there  is  probably  a  ran- 
dom aspect  in  bedload  transport  at  all  times, 
random  transport  is  only  visible  when  trans- 
port rates  are  too  low  to  exhibit  waves. 

5.4.1.2  Statistical  time  series  analysis 

The  visual  analysis  of  the  time  series  was  sup- 
plemented by  a  statistical  analysis  in  the  form  of  a 
Fourier  Transformation  and  a  spectral  analysis 
(Konig  and  Wolters  1972;  Belke  1974;  Chatfield 
1980;  Yevjevich  1972). 

A  FORTRAN  program  written  by  G.  Reusing 
(Math.  Geology,  FU  Berlin)  was  used  to  perform  a 
Fourier  Transformation  (harmonic  analysis).  The 
periodogram  obtained  from  the  Fourier  analysis 
of  the  entire  time  series  with  876  data  shows 
peaks  at  a  frequency  of  24  and  4.3  hours  (fig. 
5.18a).  A  graphical  smoothing  of  the  jagged  graph 
indicates  additional  frequencies  of  5,  2.5,  1.5,  and 
1  hours  (fig.  5.18b). 

This  analysis  was  supplemented  by  a  spectral 
analysis  of  the  time  series,  because  a  periodogram 
only  determines  the  periods  that  make  the  largest 
contribution  to  total  variance,  but  a  periodogram 
does  not  define  the  amplitudes  of  the  respective 
bedload  waves.  The  spectral  analysis  charac- 
terizes the  short-term  temporal  variations  of 
bedload  transport  by  its  frequency  distribution.  A 
spectral  density  function  was  calculated  using 
also  the  entire  time  series.  Results  were  plotted  as 
a  smoothed  periodogram  (fig.  5.19a)  where  the  or- 


dinate denotes  the  amplitude  of  the  bedload 
waves  in  number  of  signals  per  5  minutes.  The 
frequency  of  occurrence  per  5-minute  interval  is 
plotted  on  the  abscissa.  The  frequency  is  trans- 
formed into  periods  by  taking  the  reciprocal  value 
and  multiplying  by  5.  The  peaks  in  the  smoothed 
periodogram  indicate  the  periodicity  of  the  time 
series.  The  spectral  density  function  of  Figure 
5.19a  shows  only  one  peak  at  a  frequency  that  cor- 
responds to  a  periodicity  of  1.5  hours.  Smaller 
frequencies  (or  larger  periods)  are  not  visible  in 
the  smoothed  periodogram. 

An  additional  trend  analysis  showed  that  the 
time  series  was  superimposed  by  a  tenth  order 
trend.  After  this  trend  had  been  eliminated,  the 
spectral  analysis  was  repeated.  Results  were  again 
plotted  in  a  smoothed  periodogram  (fig.  5.19b). 
Two  peaks  emerge  above  the  level  of  significance 
of  3.5  signals  per  minutes.  They  appear  at  fre- 
quencies of  0.013  and  0.06  per  5-minute  interval. 
This  means  bedload  waves  with  a  6.4-  and  1.4- 
hour  periodicity  are  indicated.  Several  smaller 
peaks  are  visible  within  this  periodicity. 

In  order  to  focus  on  the  analysis  of  shorter  fre- 
quencies and  exclude  the  effects  of  long 
frequencies  (24  hours),  the  entire  time  series  was 
divided  into  3  partial  time  series,  each  of  which 
comprises  an  entire  high  flow  day.  Two  spectral 
analyses  were  performed  with  each  of  these  data 
sets,  one  with  the  original  data,  and  one  using 
data  from  which  a  fourth  order  trend  had  been 
eliminated  prior  to  the  spectral  analyses.  The  fre- 
quencies of  bedload  waves  above  the  level  of 
significance  (3.5  signals  per  5-minute  interval) 
were  transformed  into  periodicities.  Several  peri- 
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Figure  5.18a  -  Harmonic  analysis  (periodogram)  of  the  entire  time  series  at  5-minute  resolution  (plot  of 
original  data). 
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Figure  5.18b  -  Harmonic  analysis  (periodogram)  of  the  entire  time  series  at  5-minute  resolution  (plot  of 
original  and  graphically  smoothed  data  output). 
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Figure  5.19a  -  Spectral  analysis  (smoothed  periodogram)  of  the  entire  time  series  at 
5-minute  resolution  (original  data  used). 
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Figure  5.19b  -  Spectral  analysis  (smoothed  periodogram)  of  the  entire  time  series  at 
5-minute  resolution  (after  elimination  of  a  1 0th-order  trend  from  original  data). 
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odicities  in  the  range  between  1  and  6  hours  were 
indicated. 

All  values  of  periodicities  obtained  in  any  of 
the  spectral  and  harmonic  analyses  performed 
were  combined  in  one  data  set  and  divided  into 
12  classes  of  periods  in  0.5-hour  intervals.  A  fre- 
quency distribution  of  all  recognized  periodicities 
is  plotted  in  Figure  5.20.  Periodicities  of  1.5,  2,  3, 
and  in  the  range  between  4.5  -  6.5  hours  were 
found  to  occur  most  often.  This  rather  indistinc- 
tive result  is  not  very  satisfying  and  requires 
further  analysis. 

The  visual  inspection  and  the  statistical  time 
series  analysis  indicated  different  periodicities. 
While  the  visual  analysis  identified  bedload 
waves  that  occur  in  1-hour,  5-hour,  and  24-hour 
intervals,  the  statistical  time  series  analysis  indi- 
cated periodicities  of  1.5,  2,  3,  and  4.5  to  6  or  6.5 
hours.  This  list  of  periods  found  by  the  spectral 
analysis  can  probably  be  reduced  to  three  values 
since  a  period  that  is  an  integer-multiple  of  a 
lower  period,  is  probably  an  artifact  of  the  analyti- 
cal procedure.  The  reduction  leaves  the  periods  of 
1.5  hours,  2  hours,  and  6.5  hours  to  be  identified 
by  the  statistical  time  series  analysis.  Small  waves 
with  a  1-hour  period  and  random  transport  which 
are  both  identifiable  visually  are  not  detected  by 
the  statistical  time  series  analysis,  although  at 
least  the  amplitudes  of  the  smallest  wave  (5-10 


signals  per  5-minute  interval)  are  still  above  the 
level  of  3.5  signals  per  5-minute  intervals  consid- 
ered significant  in  the  statistical  time  series 
analysis. 

Accepting  the  1-hour  periodicity  as  real,  the 
2-hour  periodicity  indicated  in  the  statistical  time 
series  analyses  is  regarded  as  a  multiple  of  the 
1-hour  periodicity  and  therefore  eliminated.  Thus, 
combining  all  periodicities  that  have  been  identi- 
fied both  statistically  and  visually  and  neglecting 
all  periodicities  that  are  interpreted  to  be  an  inte- 
ger-multiple of  a  lower  period,  the  periodicities 
1-1.5,  5-6,  and  24  hours  are  attributed  to  represent 
bedload  waves  at  Squaw  Creek. 

The  next  step  of  the  analysis  is  comparing  the 
relation  between  amplitudes  and  periodicities  of 
the  bedload  waves,  which  were  indicated  by  the 
spectral  analysis  of  the  entire  time  series  after  the 
elimination  of  a  tenth  order  trend  (fig.  5.19b). 
Note  that  the  spectral  analysis  did  not  indicate  the 
24-hour  periodicity.  A  linear  relationship  was 
found  between  amplitudes  and  periodicities  of 
bedload  waves  (fig.  5.21),  yielding  the  regression 


y  =  3.34  x  +  0.132,  r2  =  0.92, 


(8) 


where  y  denotes  the  amplitudes,  and  x  the  peri- 
odicities of  the  bedload  waves  and  r2  is  the 
correlation  coefficient.  This  highly  correlated  lin- 
ear relation  is  odd,  because  it  incorrectly  predicts 
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Figure  5.20  -  Frequencies  of  periodicity  classes  observed  in  the  analysis  of  the  entire  time  series  and  the  analyses  of  partial  time  series. 
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Figure  5.21  -  Relation  of  bedload  wave  amplitudes  with  their  periods:  a)  linear  function:  data  from  spectral  analysis  of  the  entire  time 
series,  b)  power  function:  data  from  visual  interpretation. 


the  relation  between  amplitudes  and  periodicities 
for  large  bedload  waves.  The  visual  analysis  indi- 
cated that  the  large  bedload  waves  during  peak 
flows  have  amplitudes  in  the  range  of  18  to  42 
signals  per  5-minute  interval  with  a  mean  peak 
signal  rate  of  25.  The  extrapolation  of  equation  (8) 
however,  gives  an  amplitude  of  about  80  signals 
per  5-minute  interval,  i.e.,  the  extrapolation  over 
predicts  the  value  from  the  visual  analysis  by  a 
more  than  a  factor  of  three.  Using  the  values  for 
periodicities  and  the  respective  amplitudes  from 
the  visual  analysis  (Section  5.4.1.1),  their  regres- 
sion best  fits  a  power  function  relation  with 

y  =  6.85  X0  4  (9) 

While  according  to  the  spectral  analysis  ampli- 
tudes increase  with  the  same  rate  as  periodicities, 
the  visual  analysis  indicates  that  amplitudes  dou- 
ble only  with  a  six-fold  increase  of  the  peri- 
odicities. 


5.4.1.3  Statistical  analysis 

Because  the  statistical  time  series  analysis 
proved  inconsistent  results,  a  further  attempt  to 
analyze  short-term  bedload  fluctuations  was  con- 
ducted by  investigating  the  symmetry  of  the 
bedload  waves.  The  symmetry  is  the  relation  be- 


tween the  amplitude  and  the  duration  of  a  bed- 
load  wave. 

There  is  no  rule  regarding  the  duration  of  a 
bedload  wave.  In  this  study  the  duration  was  de- 
termined to  extend  from  one  absolute  minimum 
value  in  the  course  of  the  time  series  to  the  next 
absolute  minimum.  An  absolute  minimum  value 
was  defined  as  a  minimum  that  is  smaller  than  the 
previous  minimum  and  smaller  than  the  follow- 
ing minimum.  A  "zero"  signal  rate  per  5-minute 
interval  was  always  considered  to  be  an  absolute 
minimum. 

The  duration  was  determined  for  each  bed- 
load  wave  and  plotted  in  a  frequency  diagram 
(fig.  5.22).  The  wave  durations  were  also  marked 
according  to  the  size  class  of  the  waves  (Section 
5.4.1.1).  This  procedure  indicated  that  the  fluctua- 
tions during  random  transport  lasted  for  5-50 
minutes,  the  major  and  minor  bedload  waves  ex- 
tended for  55-105  and  50-95  minutes,  respectively. 
The  duration  of  the  small  waves  was  most  vari- 
able and  extended  over  the  entire  range  of 
durations  from  5-105  minutes. 

When  frequency  distributions  are  plotted  for 
each  wave  class  individually,  the  results  could  in- 
dicate that  the  frequency  of  the  durations 
decreases  with  the  lengths  of  the  duration  of  bed- 
load  waves  which  may  behave  according  to  a 
Poisson  process  (fig.  5.23a).  In  order  to  test  this 
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Figure  5.22  -  Frequencies  of  duration  of  bedload  waves  for  the  four  size  classes. 
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Figure  5.23a  -  Frequencies  of  duration  of  bedload  waves  for  each 
individual  size  class. 


Figure  5.23b  -  Frequencies  of  duration  of  bedload  waves  for  each 
individual  size  class  (Poisson-distribution?). 
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speculation,  the  bimodal  frequency  distributions 
of  the  small  and  the  minor  waves  were  broken  up 
and,  violating  class-boundaries,  the  second  mode 
in  these  distributions  was  allocated  to  the  next 
larger  bedload  wave  class  (fig.  5.23b).  The  conse- 
quence of  this  assumption  would  be  a  general 
increase  in  the  duration  of  bedload  waves.  Mean 
duration  for  random,  smallest,  minor,  and  major 
waves  would  be  increased  to  5,  30,  60,  and  90  min- 
utes, respectively,  and  thus  increase  by  about  30 
minutes  per  wave  class. 

The  statistical  relation  between  amplitudes 
and  duration  of  bedload  waves  was  investigated 
next.  Amplitudes  were  plotted  versus  the  dura- 
tion of  bedload  waves.  There  is  no  difference  in 
the  rate  with  which  amplitude  and  duration  in- 
crease for  the  3  smallest  groups  of  bedload  waves. 
Even  calculated  mean  amplitudes  increase  regu- 
larly with  the  mean  durations  per  bedload  wave 
class  from  random  transport  to  minor  bedload 
waves  (fig.  5.24,  Table  4).  Matters  are  different  for 
major  bedload  waves,  which  are  characterized  by 
relative  short  durations  given  the  height  of  their 
amplitudes. 

The  relation  between  amplitudes  and  dura- 
tions of  bedload  waves  can  be  used  as  a  means  to 
roughly  indicate  the  "shapes"  of  the  bedload 
waves  (fig.  5.25):  From  random  transport  fluctua- 
tions to  minor  bedload  waves,  wave  sizes  increase 
symmetrically  by  an  even  growth  in  both  the 
maximum  transport  rate  as  well  as  the  duration  of 
transport.  Major  bedload  waves,  on  the  contrary, 
gain  most  of  their  mass  through  an  increase  in 
transport  rates,  not  by  an  extension  of  their  dura- 
tion (fig.  5.25). 

5.4.1 .4  Results  of  the  time  series  analyses 

Table  4  combines  the  results  of  the  time  series 
analyses  of  short-term  fluctuations  of  bedload 
transport  at  Squaw  Creek  from  the  previous  sec- 
tions. Four  types  of  bedload  waves  that  occur 
during  ordinary  snowmelt  high  flows  can  be  dis- 
tinguished with  respect  to  their  periodicity, 
duration,  amplitude,  symmetry,  and  discharge. 

Periodicity  and  the  associated  amplitudes  are 
the  most  distinctive  attributes  of  bedload  waves. 


With  respect  to  duration  of  a  bedload  wave,  major 
and  minor  bedload  waves  are  distinctly  different 
from  random  transport,  but  small  waves  take  an 
intermediate  position  as  they  can  exhibit  both 
long  and  short  durations.  A  relatively  sharp  dis- 
similarity exists  between  major  bedload  waves 
and  random  transport  with  respect  to  discharge. 
While  random  transport,  as  well  as  small  and  mi- 
nor bedload  waves  can  all  occur  during 
discharges  in  the  range  of  5.38  -  5.88  m3/s,  major 
waves  and  random  transport  exclude  each  other 
unless  random  transport  is  always  present,  but  is 
only  recognized  when  not  overwhelmed  by  larger 
fluctuations.  When  it  comes  to  the  "shape"  of  the 
bedload  waves,  i.e.,  the  relation  of  amplitude  and 
duration,  only  major  waves  form  a  category  of 
their  own.  Amplitudes  and  duration  increase  line- 
arly for  the  other  three  wave  classes  (minor, 
smallest,  and  random).  However,  these  classifica- 
tions do  not  identify  the  processes  that  lead  to  the 
formation  of  these  waves. 

The  previous  section  interpreted  major  bed- 
load  waves  which  occur  at  about  peak  flow  with  a 
1.5  hour  periodicity  as  unsteady  adjustment  proc- 
esses of  the  channel  bottom.  The  question  is 
whether  the  same  interpretation  can  be  applied  to 
minor  and  small  waves. 

Minor  and  small  bedload  waves  differ  from 
major  waves  not  only  in  their  size,  but  also  in 
their  relation  between  amplitude  and  duration. 
There  is  no  apparent  reason  why  river  bed  adjust- 
ments should  occur  in  regular  5-hour  and  1-hour 
periodicities  during  the  falling  limbs  of  flow  in 
the  form  of  minor  and  small  bedload  waves.  Time 
series  analysis  of  parameters  other  than  discharge 
and  bedload  signals  are  not  available  to  assist 
with  an  interpretation.  The  possibility  that  these 
waves  are  unsteady  adjustments  of  the  stream  bed 
can  however  not  be  dismissed.  The  generally 
smaller  force  of  flow  on  the  falling  limbs,  and  the 
relatively  small  temporal  change  of  flow,  could 
lead  to  less  intensive  adjustment  processes  which 
involve  less  material,  and  thus  cause  shorter  and 
less  intensive  bedload  waves.  By  the  same  token, 
the  generally  smaller  forces  of  flow  may  require  a 
longer  time  span  to  build  up  local  flow  conditions 
so  that  a  threshold  is  exceeded  and  coarse  bedload 


Table  4.  Results  of  time  series  analyses  of  short-term  bedload  fluctuations  (5-minute  resolution)  at  Squaw  Creek,  1986. 

Wave  Periodicity  Amplitude  Duration  Sign./Wave  Discharge        mass  increase 

IyjiS  (bis)  (Sign,  Smill)  (min)  (ampl.xdur./2)  (mVs)  (ampl.  &  dur.)  

Major  24(18-26)  25  (19-42)  78(55-105)  195  5.85-6.28  asymmetric 

Minor  5(4-6)  12(11-18)  76(50-95)  93  5.58-6.02  symmetric 

Small  1-1.5(1-3)  7(5-10)  45(5-105)  33  5.38-5.97  symmetric 

flflfldpm  :  3  (1  -  4)  16  (5-  50)  5.  5.38-5.88  symmetric 

The  range  of  data  is  given  in  brackets. 
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Figure  5.24  -  Relation  between  amplitudes  and  durations  of  bedload  waves. 
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Figure  5.25  -  "Shape"  of  bedload  waves  in  the  four  size  classes,  calculated  from  the  increase  of 
amplitudes  and  durations. 
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can  be  transported.  This  process  could  explain  the 
5-hour  interval  between  individual  bedload 
waves.  Smallest  waves  that  recur  in  1-1.5-hour  fre- 
quency could  then  be  interpreted  as  lesser  adjust- 
ment processes  that  are  limited  to  the  exchange  of 
single  particles. 

The  wave  structure  vanished  during  the  low 
transport  rates  in  random  transport.  Particles 
seem  to  follow  each  other  in  arbitrary  time  spans, 
and  only  a  few,  single  particles  are  still  in  motion. 
Random  transport  is  not  restricted  to  small  dis- 
charges. In  fact,  random  transport  can  be 
observed  shortly  after  peak  flows  when  dis- 
charges are  still  high  (about  6  m3/s)  and  during 
falling  limbs,  to  discharges  near  the  threshold  of 
coarse  bedload  motion  (about  3.5-4  m3/s).  Espe- 
cially after  very  large  flows,  such  as  the  high  flow 
in  1981  that  produced  very  high  transport  rates 
(Section  5.2.1.3,11),  the  unconsolidated  and  rough 
bottom  can  sustain  the  transport  of  single  parti- 
cles for  a  long  time.  Transport  only  stops  after  the 
last  particles  have  found  a  place  from  which  they 
can  not  be  eroded  by  current  forces  of  flow.  More 
field  measurements  with  detailed  analyses  of  the 
hydraulic  and  channel  geometric  conditions  are 
necessary  to  investigate  the  processes  that  lead  to 
the  minor  and  small  waves. 

The  following  section  reviews  the  process-ori- 
ented literature  regarding  short-term  fluctuations 
of  bedload  transport.  It  will  then  be  assessed  if 
processes  identified  in  other  studies  are  transfer- 
able to  the  stream  conditions  at  Squaw  Creek. 

5.4.2  Laboratory  experiments 

Rhythmically  pulsating  sediment  transport 
has  frequently  been  observed  in  laboratory  experi- 
ments. The  pulsating  nature  of  bedload  transport 
was  in  all  cases  associated  with  the  migration  of 
bed  forms  (ripples,  dunes,  or  bedload  sheets).  The 
studies  by  Carey  and  Hubbell  (1986),  Hubbell  and 
Stevens  (1986),  Hubbell  et  al.  (1987),  Hubbell 
(1987),  McLean  and  Tassone  (1987),  and  Gomez  et 
al.  (1989)  are  mostly  concerned  with  sampling 
strategies  during  fluctuating  transport  rates. 
Other  laboratory  studies,  for  example  by  Ikeda 
and  Iseya  (1986),  Iseya  and  Ikeda  (1987),  and  Kuh- 
nle  and  Southard  (1988)  examine  the  sedimentary 
processes  that  govern  the  migration  of  bed  forms. 
The  studies  experiment  with  different  grain-size 
compositions,  different  kinds  and  rates  of  sedi- 
ment supply  (constant  rates  or  recirculating 
systems),  and  different  forces  of  flow  during 
steady  and  unsteady  flow  conditions  and  analyze 
the  effects  on  bedload  fluctuations. 


Based  on  experiments  with  different  sediment 
size  mixtures  (Ikeda  and  Iseya  1986),  Iseya  and 
Ikeda  (1987)  found  that  depending  on  the  ratio  of 
sand  to  gravel  a  fluctuating  transport  pattern  de- 
velops at  a  sand  content  of  30%.  The  fluctuations 
result  from  the  process  of  longitudinal  sorting  in 
which  the  sediment  of  various  grain  sizes  is  segre- 
gated into  cross-sectional  strips  with  smooth  and 
rough  channel  bottoms  and  a  transitional  reach  in 
between.  The  longitudinal  sequence  of  various 
stream  channel  roughnesses  regulates  the  trans- 
port mechanism  and  leads  to  the  formation  of 
bedload  sheets.  The  rough  front  of  the  bedload 
sheet  is  composed  of  gravel  without  a  matrix  fill. 
This  is  followed  by  a  smooth  and  plane  section 
upstream  where  a  sandy  matrix  fills  the  gravel 
framework.  A  transitional  section  follows  up- 
stream and  makes  the  connection  to  the  next 
rough  front.  Sand  is  winnowed  out  from  the  grav- 
els in  the  smooth,  plane  section  and  the  reach  is 
lowered  by  this  action.  This  exposes  the  gravel 
particles  which,  subsequently,  are  transported 
with  large  speed  and  are  then  deposited  at  the 
rough  front.  This  mechanism  causes  an  apparent 
downstream  migration  of  a  bedform.  As  the 
coarse  front  passes  a  measuring  point,  gravel 
transport  rates  reach  their  maximum.  Shortly  af- 
terwards the  sand  transport  reaches  peak  rates 
when  the  gravelly-sandy  section  passes  by.  The 
migration  of  bedforms  thus  causes  fluctuating, 
fractional  transport  rates  that  are  characterized  by 
a  temporal  lag  of  the  fines  in  comparison  to  the 
coarser  particles.  The  migration  of  bedforms  that 
results  from  the  process  of  longitudinal  sorting 
will  be  referred  to  as  bedload  sheets. 

Dietrich  et  al.  (1989)  show  the  dependence  of 
the  mode  of  transport  on  the  supply  rate  of  bed- 
load  material.  The  sediment  availability  controls 
the  sedimentological  conditions  on  the  stream 
bottom.  If  the  amount  and  grain-size  distribution 
of  the  supplied  material  meets  the  competence 
and  capacity  of  flow,  longitudinal  sorting  takes 
place  and  bedload  sheets  form  as  defined  by  Iseya 
and  Ikeda  (1987).  When  sediment  supply  is  re- 
duced and  falls  below  the  competence  and 
capacity  of  flow,  an  increasingly  larger  part  of  the 
stream  bottom  becomes  armored.  This  begins  at 
the  sides  of  the  stream  and  proceeds  towards  the 
center,  until  transport  is  confined  to  a  narrow 
strip  around  the  thalweg  where  coarse  bedload 
transport  continues  in  the  presence  of  fine  bed- 
load  material.  As  supply  declines,  the  fluctuations 
become  increasingly  slow.  Ferguson  et  al.  (1989) 
observed  this  confinement  of  bedload  transport  to 
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a  sandy-gravelly  stream  center  under  natural  con- 
ditions. 

Kuhnle  and  Southard  (1988)  use  a  relatively 
coarse  grain  mixture  comprising  sand  to  pebbles 
with  32  mm  diameter  for  their  laboratory  experi- 
ments on  bedload  sheets.  In  a  temporal  resolution 
of  minutes,  they  analyze  not  only  the  sedimentary 
composition  and  dynamics  of  the  downstream  mi- 
grating bedload  sheets,  but  also  the  dependency 
of  the  relative  of  size  of  the  bedload  waves 
(Qbmax/Qbmin),  and  their  periodicity  on  the  rate  of 
flow  and  sediment  supply.  The  frequency  of  bed- 
load  fluctuations  increases  with  increasing  flow 
and  sediment  supply,  while  the  amplitudes  of  the 
oscillations  decrease.  This  result  is  remarkable  in 
two  ways.  At  Squaw  Creek,  amplitudes  of  the 
fluctuations  increase  non-linearly  with  peri- 
odicity. But  while  at  Squaw  Creek  large  ampli- 
tude bedload  waves  are  generally  associated  with 
large  discharges  (and  large  bedload  transport 
rates),  Kuhnle  and  Southard  (1988)  find  that  the 
fluctuations  of  bedload  transport  become  faster 
and  smaller  in  amplitude  with  increasing  sedi- 
ment supply  (Dietrich  et  al.  1989). 

5.4.2.2  Field  experiments 

Several  field  experiments  used  measuring 
equipment  that  could  register  bedload  transport 
with  a  temporal  resolution  of  minutes,  using  hy- 
drophones, vortex  samplers,  or  piezoelectric 
elements  (e.g.,  Schlatte  1984;  Tacconi  and  Billi 
1987;  Banzinger  and  Burch,  1990;  Rickenmann 
1994).  But  none  of  these  studies  measured  or  ana- 
lyzed the  time  series  of  any  other  parameters  but 
discharge.  They  can  therefore  only  show  the  phe- 
nomenon of  fluctuating  bedload  transport,  but 
cannot  identify  the  processes  that  cause  it. 

Other  field  experiments  found  explanations 
for  a  fluctuating  bedload  transport.  Kuhnle  et  al. 
(1989)  sampled  bedload  with  a  temporal  resolu- 
tion of  minutes  using  a  Helley-Smith  type  sampler 
during  a  large  and  almost  steady  high  flow.  Bed- 
load  transport  was  found  to  fluctuate.  The  grain- 
size  spectrum  ranged  from  sand  to  large  pebbles 
(64  mm).  Based  on  the  temporal  variation  of  the 
grain-size  distribution  of  consecutive  samples 
(fractional  transport  rates),  Kuhnle  et  al.  (1989) 
concluded  that  the  fluctuations  represented  the 
migration  of  bedload  sheets.  However,  the  sam- 
pling was  performed  in  a  concrete-lined  venturi- 
like  measuring  reach.  The  hydraulic  conditions 
were  not  specified  for  either  the  upstream  reach, 
or  the  measuring  reach.  Measured  bedload  trans- 
port rates  reached  0.8  kg/m-s  which  is  more  than 
10  times  the  bedload  transport  rates  sampled  at 


Squaw  Creek  with  the  large  net  sampler  during 
the  (typical)  spring  high  flow  of  1988  (Section  5.3). 

Whiting  et  al.  (1988)  also  observed  the  migra- 
tion of  bedload  sheets  at  Duck  Creek  during  an 
unspectacular  high  flow  in  which  flow  velocities 
ranged  from  0.62-0.91  m/s  and  Froude  numbers 
from  0.34-0.39.  The  grain-size  spectrum  at  Duck 
Creek  is  considerably  smaller  than  at  Squaw 
Creek.  The  maximum  grain  size  is  10  mm.  Whit- 
ing et  al.  (1988)  concluded  that  bedload  sheets 
form  due  to  the  particle  instability  characteristic 
of  bedload  movement  in  moderately  and  poorly 
sorted  gravels.  The  interaction  between  coarse 
and  fine  particles  leads  to  a  stop-and-go  motion. 
Coarse  particles  slow  or  stop  each  other,  trap  finer 
sediment  in  their  interstices,  and  thus  provide  a 
smooth  bed  for  other  coarse  particles  to  pass  over. 

The  hydraulic  and  sedimentological  condi- 
tions encountered  in  these  studies,  as  well  as  the 
phenomena  of  bedload  waves  as  described  by 
Ikeda  and  Iseya  (1987),  are  so  different  from  the 
conditions  that  are  ordinarily  encountered  at 
Squaw  Creek  that  it  is  difficult  to  draw  analogies 
from  those  experiments  to  fluctuating  bedload 
transport  at  Squaw  Creek,  as  it  occurred  during 
years  of  ordinary  sediment  transport  in  1986  and 
1988.  This  makes  a  closer  comparison  of  the  re- 
sults from  other  studies  with  the  results  from 
Squaw  Creek  necessary. 

5.4.2.3  Comparison  of  the  results  from  other 
studies  with  the  results  from  Squaw  Creek 

Fluctuating  bedload  transport,  caused  by  the 
migration  of  bedload  sheets,  has  been  observed  in 
field  and  laboratory  experiments  under  various 
hydraulic  and  sedimentologic  conditions.  Two 
question  arise: 

1)  How  comparable  were  the  hydraulic  and 
sedimentological  conditions  of  these  studies  to  the 
conditions  at  Squaw  Creek? 

2)  Can  bedload  waves  that  occur  during  ordi- 
nary spring  high  flow  conditions  at  Squaw  Creek 
result  from  the  migration  of  bedload  sheets? 

Comparability  of  hydraulic  and  sedimentologic 
conditions  at  Squaw  Creek  with  other  studies: 

Laboratory  experiments  on  fluctuating  trans- 
port rates  usually  use  only  small  grain  sizes 
ranging  from  sand  to  small  gravels  (Ikeda  and 
Iseya  1986;  Iseya  and  Ikeda  1987;  Dietrich  et  al. 
1989).  Laboratory  experiments  are  also  usually 
run  with  relatively  low  flow  depths,  high  flow  ve- 
locities and  supercritical  flow  conditions  (Ikeda 
and  Iseya  1986;  Iseya  and  Ikeda  1987;  Kuhnle  and 
Southard  1988).  Kuhnle  and  Southard  (1988)  are 
an  exception  in  as  much  as  they  use  sand-gravel 
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mixtures  with  a  maximum  grain  size  of  32  mm. 
But  even  these  sediment  mixtures  do  not  cover  the 
grain-size  spectrum  in  coarse  bedload  carrying 
mountain  streams,  where  the  largest  (almost  an- 
nually) transported  clasts  nearly  always  reach  a 
diameter  of  several  decimeters. 

How  is  it  possible  to  deduce  the  transport  be- 
havior of  medium  and  coarse  gravels  in  natural 
streams  from  the  transport  behavior  of  sand  and 
fine  gravels  produced  under  the  extreme  hydrau- 
lic conditions  in  laboratory  experiments?  A 
transfer  of  laboratory  results  to  natural  streams 
has  to  make  use  of  the  similarity  laws10.  Vollmers 
(1989a)  questions  whether  it  is  possible  to  trans- 
fer the  hydraulic  conditions  during  sediment 
transport  in  natural  streams  to  model  laboratory 
conditions  and  vice  versa,  because  of  the  unsolv- 
able  conflict  that  the  model  has  to  satisfy  both  the 
Froude-  and  the  Reynolds-similarity.  Vollmers 
(1989a  and  b)  indicates  though,  that  a  Froude- 
model  can  be  used  for  hydraulically  rough 


conditions  when  the  density  of  the  sediment 
remains  unchanged.  Froude-  (or  Reynolds-) 
similarity  means  that  Froude-  (or  Reynolds-)  num- 
bers have  to  be  the  same,  both  in  nature  and  the 
flume  model.  The  demand  for  Froude-similarity 
requires  that  the  dimensional  laws  given  in  Table 
5  (Bollrich  et  al.  1989)  are  used  for  scaling.  Table  5 
gives  an  example  for  the  dimensional  transfer 
from  nature  to  model  and  vice  versa  in  the  scale  of 
1:10. 

These  similarity  laws  were  used  to  scale  up 
the  dimensions  of  the  flow  and  sediment  parame- 
ters used  in  the  laboratory  experiments  HI,  H3, 
and  H5  by  Kuhnle  and  Southard  (1988)  by  a  factor 
of  10.  The  scaled  up  grain-size  spectrum  of  the  lab 
experiments  ranges  from  1.25  mm  to  32  cm,  a 
range  frequently  encountered  in  mountain 
streams.  The  results  of  the  scale  transfer  are 
summed  in  Table  6. 

A  linear  increase  of  the  length  dimensions 
leads  to  a  power  function  increase  of  the  flow 


Table  5.  Similarity  laws  for  scaling  (1:10)  under  Froude-similarity. 


Parameters 

Similarity  Relations 

Example  for  Scaling  (1 

:10) 

Model 

~*  Nature 

Nature 

"*■  Model 

Length 

|r 

-  |n/|m 

|m  = 

0.1  In 

In 

10  |M 

Area 

Ar 

=  Ir2 

Am  = 

0.01  An 

An  = 

100  Am 

Velocity 

Vr 

=  Ir05 

VM  — 

0.316  vn 

VN  - 

3.16  vm 

Time 

tr 

=     Ir/Vr    =  Ir05 

tM 

0.316  tN 

tN 

3.16  tM 

Flow  Rates 

Qr 

=     Vr/Ar    =  Ir5'2 

Q  v  = 

0.00316  Qn 

Qn  = 

316  Qm 

r  =  relation;  n  =  natural  size;  m  =  model  size 


Table  6:  Transfer  of  the  hydraulic  and  sedimentologic  dimensions  used  in  laboratory  experiments  by 
Kuhnle  and  Southard  (1988)  to  natural  conditions  in  a  scale  of  1:10.  


w 

d 

Q 

Qbinput 

S 

V 

Fr 

Period. 

Qbmax/Qbmin 

(m) 

(m)  i 

'm3/m-s 

)  (kq/m-s 

)  (-) 

(m/s) 

[-) 

( 

minutes 

) 

(-) 

Run  H1 

0.53 

0.046 

0.035 

0.034 

0.019 

0.76 

1.12 

9.8; 

14.2; 

26.1 

57.3 

^Nature 

5.3 

0.46 

1 .09 

0.99 

0.019 

2.38 

1.12 

31.0; 

45.0; 

82.6 

Run  H3 

0.15 

0.074 

0.067 

0.098 

0.015 

0.90 

1.06 

6.0; 

6.7 

8.7 

^Nature 

1.5 

0.74 

2.1 1 

2.91 

0.015 

2.85 

1.06 

19.0; 

21.2 

Run  H5 

0.15 

0.069 

0.089 

1 .073 

0.021 

1.29 

1.57 

3  ? 

2.2 

"^Nature 

1.5 

0.68 

2.81 

33.87 

0.021 

4.08 

1.57 

9.5 

w  -  flow  width;  d  =  flow  depth;  Q  =  discharge;  Qbinput  =  rate  of  sediment  supply;  S  =  gradient; 
v  =  flow  velocity;  Fr  =  Froude  number;  Period.  =  Periodicities;  Qb™x/Qbmm  =  ratio  between 
largest  and  smallest  bedload  transport  rates. 


10 

Mathematical  transformation  algorithm  (similarity  criteria)  that  allows  the  dimensional  transfer  of  parameters  such  as  length,  area,  flow  velocity, 
time,  and  discharge  between  laboratory  models  of  streams  and  their  natural  counterparts.  See  also  Vollmers  (1989b)  and  Bechteler  et  al.  (1994). 
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rates.  How  do  the  scaled-up  discharges  from  Kuh- 
nle  and  Southard's  flume  experiments  correspond 
to  the  high  flow  discharge  conditions  at  Squaw 
Creek?  The  first  step  in  trying  to  answer  this  ques- 
tion was  to  find  out  which  discharge  at  Squaw 
Creek  would  become  supercritical  and  reach  a 
Froude-number  of  1.12  as  in  Kuhnle  and 
Southard's  laboratory  run  HI  (Table  6). 

A  logarithmic  regression  was  fitted  through 
the  relation  between  Froude-number  and  dis- 
charge for  a  typical  cross-section  at  Squaw  Creek. 
An  extrapolation  indicated  that  a  Froude-number 
of  1.12  would  be  reached  at  high  flow  discharges 
of  about  15  m3/s.  This  is  a  conservative  estimate 
because  gravel  bars  would  be  flooded  after  a 
bankfull  flow  of  about  6  m3/s  is  exceeded.  The 
flooding  would  change  the  hydraulic  radius  to 
such  a  degree  that  the  extrapolation  would  not  be 
valid  in  many  cross-sections,  and  flows  would 
probably  have  to  be  larger  than  15  m3/s  to  be  fully 
supercritical. 

If  the  flows  in  run  HI  were  scaled  up,  so  that 
grain-sizes  in  run  HI  meet  the  grain-size  spec- 
trum at  Squaw  Creek,  the  scaled-up  hydraulic 
conditions  suggest  flows  larger  than  15  m3/s  at 
Squaw  Creek.  This  is  an  enormous  flow  for  Squaw 
Creek  and  has  a  recurrence  interval  of  about  20 
years.  (The  effects  of  such  a  high  flow  have  been 
described  in  Section  5.2.1 .3.11). 

Froude-numbers  of  1.57  which  were  reached 
in  Kuhnle  and  Southard's  laboratory  run  H5,  can 
perhaps  occur  locally  at  Squaw  Creek,  but  flows 
with  a  Froude-number  of  1.57  as  a  cross-sectional 
average  would  probably  only  be  reached  during 
catastrophic  floods.  Kuhnle  and  Southard  (1988) 
have  modeled  the  hydraulic  conditions  of  very 
large  floods  in  their  flume  experiments.  The  same 
is  true  for  the  laboratory  experiments  by  Ikeda 
and  Iseya  (1986)  and  Iseya  and  Ikeda  (1987),  who 
barely  exceed  the  coarse  sand  fraction  in  their  ex- 
periments and  work  with  supercritical  flows  that 
have  Froude-numbers  between  0.97  and  1.49. 

If  the  similarity  law  used  for  transforming  unit 
flow  rates  (m3/m-s)  is  also  used  to  scale  up  unit 
sediment  flux  rates  (kg/m-s),  the  sediment  input 
rates  used  in  the  laboratory  runs  HI,  H3,  and  H5 
by  Kuhnle  and  Southard  (1988)  yield  stream  sedi- 
ment supply  rates  of  0.99,  2.91,  and  33.87  kg/m-s, 
respectively  (Table  6).  Such  transport  rates  would 
likewise  be  enormous  for  Squaw  Creek,  where 
short-term  peak  transport  rates  of  coarse  bedload 


reach  only  0.2-0.3  kg/m-s  during  typical  snow- 
melt  high  flows  11 . 

The  results  of  the  comparisons  above  is  that 
data  obtained  and  processes  modeled  in  flume  ex- 
periments with  small  grain-sizes  in  the  sand  and 
fine  gravel  range  cannot  be  transferred  to  coarse 
bedload  carrying  streams  without  paying  atten- 
tion to  the  similarity  laws.  If  the  sedimentologic 
and  hydraulic  parameters  used  in  laboratory  ex- 
periments are  scaled  up  by  a  factor  necessary  to 
make  flume  grain-size  distributions  comparable 
to  mountain  streams,  then  the  subsequently 
scaled  up  hydraulic  conditions  and  sediment  sup- 
ply rates  mimic  enormous  floods.  Such  extreme 
flood  conditions  would  probably  cause  extensive 
channel  change  and  provide  much  bedload  mate- 
rial for  transport. 

Another  factor  that  makes  the  transferability 
of  laboratory  bedload  transport  results  to  stream 
conditions  problematic  is  the  occurrence  of  bed- 
load  transport  phenomena  that  result  from  the 
hydrological  and  sedimentological  "prehistory" 
of  the  stream  that  can  hardly  be  incorporated  into 
the  flume  experiments. 

Can  bedload  waves  that  occur  during  ordinary 
spring  high  flows  at  Squaw  Creek  result  from 
the  migration  of  bedload  sheets?: 

The  studies  mentioned  above  observed  that 
bedload  sheets  develop  from  the  process  of  longi- 
tudinal sorting  of  grain-sizes,  i.e.,  the  sequence  of 
strips  on  the  river  bottom  with  different  rough- 
ness. The  development  of  this  process  requires 
several  sedimentological  and  hydraulic  condi- 
tions: 

•  high  proportion  of  sand  in  bedload, 

•  large  supply  of  sediments  that  are  trans- 
portable under  the  respective  hydraulic 
conditions, 

•  the  proper  mixture  between  sand  and 
coarse  bedload,  and 

•  almost  steady  flows  with  the  respective  ca- 
pacity. 

These  sedimentologic  and  hydraulic  charac- 
teristics do  not  represent  the  typical  conditions 
encountered  at  Squaw  Creek  on  an  annual  or  bi- 
annual basis.  Furthermore,  the  nature  of  bedload 
waves  at  Squaw  Creek  is  not  comparable  to  the 
description  of  bedload  of  bedload  sheets.  The  re- 
spective relationships  between  amplitude  and 


11 

Bedload  transport  rates  of  several  kg/m  -shave  been  observed  by  Dinehart  (1992)  in  the  North  Fork  of  the  Toutle  River  after  the  coarse  bedload 
sediment  provided  by  the  eruption  of  Mount  St.  Helens  reached  the  measuring  site  and  passed  in  gravel  dunes. 
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duration  of  the  bedload  fluctuations  and  the  dis- 
charge at  which  bedload  waves  occur  are  different 
for  bedload  waves  and  bedload  sheets. 

A  rhythmically  pulsating  bedload  transport 
where  bedload  waves  not  only  have  even  dura- 
tions but  also  even  amplitudes  is  characteristic  for 
the  migration  of  bedload  sheets.  Increased  flows 
and  increased  sediment  supply  typically  increase 
the  frequency  of  the  pulsations.  Observations  at 
Squaw  Creek,  however,  show  that  increasing 
flows  are  associated  with  decreasing  frequencies 
of  bedload  waves,  i.e.,  the  duration  of  the  waves 
becomes  longer.  Besides,  the  temporal  variation  of 
bedload  transport  at  Squaw  Creek  with  the  occur- 
rence of  bedload  waves  of  different  sizes  could 
rather  be  characterized  as  fluctuating.  A  rhythmic 
pulsation  of  bedload  transport  is  only  observed 
very  infrequently. 

Another  difference  between  the  sedimen- 
tological  conditions  at  Squaw  Creek  and  those 
that  lead  to  the  formation  of  bedload  sheets  is  the 
availability  of  bedload  material  and  the  magni- 
tude of  transport  rates.  Although  during  the  night 
of  May  31  to  June  1,  1986,  bedload  waves  showed 
an  even  frequency  of  1 .5  hours,  the  amplitudes  of 
those  bedload  fluctuations  varied  from  wave  to 
wave  (fig.  5.17).  Fluctuating  transport  rates  were 
also  observed  at  Squaw  Creek  during  a  similar 
high  flow  in  1988.  However,  particle  transport 
rates  of  bedload  samples  taken  with  the  large  net 
sampler  in  1-2  hour  intervals  during  the  night 
from  May  23  to  24,  1988,  are  low  (fig.  5.35,  Section 
5.5.8,  Table  3a-b  in  the  Appendix).  Even  the  larg- 
est bedload  transport  rates  move  only  about  one 
coarse  particle  (11.2  mm)  per  meter  width  and 
second  (fig.  5.32,  Section  5.5.5).  These  low  trans- 
port rates  indicate  limited  sediment  supply.  A  low 
sediment  availability  does  not  permit  the  develop- 
ment of  longitudinal  sorting  of  different  grain 
sizes,  which  is  a  prerequisite  for  the  formation  of 
bedload  sheets. 

Under  normal  snow-melt  high  flow  condi- 
tions, Squaw  Creek  does  not  exhibit  the 
conditions  necessary  for  the  formation  of  bedload 
sheets.  Nor  are  the  characteristics  of  the  bedload 
fluctuations  observed  at  Squaw  Creek  in  agree- 
ment with  those  observed  for  bedload  sheets 
elsewhere.  Bedload  waves  that  occur  at  Squaw 
Creek  during  ordinary  high  flow  conditions  do 
therefore  not  result  from  bedload  sheets  and  the 
process  of  longitudinal  sorting. 

The  sedimentologic  and  hydraulic  conditions 
that  may  lead  to  the  development  of  bedload 
sheets  will  only  occur  at  Squaw  Creek  under  ex- 
treme conditions,  when  the  armor  layer  breaks  up 


during  long-lasting  very  high  flows  or  when  the 
destruction  of  a  sediment  storage  provides  the 
sediment  supply  necessary  for  the  development  of 
bedload  sheets.  Such  conditions  occurred  during  a 
huge  snowmelt  high  flow  with  a  20-year  reoccur- 
rence interval  in  1981  and  2  years  later  when  a  log 
jam  burst  provided  a  large  enough  sediment  sup- 
ply to  cause  the  formation  of  bedload  sheets 
during  snowmelt  high  flows  of  ordinary  magni- 
tude. 

5.4.3  Temporal  variation  of  signal  rates  in  very 
high  temporal  resolution 

During  the  rising  limb  of  flow  on  June  2, 1986, 
from  15:10  in  the  afternoon  to  20:30  at  night  signal 
rates  were  registered  in  high  temporal  resolution 
at  the  detector  unit  5/6  which  spans  a  width  of 
1.55  m  in  the  center  of  the  stream.  The  paper  ad- 
vance on  the  strip  chart  recorder  was  increased  to 
a  rate  of  5  mm /minute. 

Transport  dynamics  vary  during  this  time  pe- 
riod (fig.  5.26  a,  b,  c).  In  the  beginning  of  the  rising 
limb  (15:10  -17:40)  signal  rates  are  low  and  range 
between  0  and  3  signals/minute,  indicating 
mostly  random  transport  for  this  time  period.  Fur- 
ther on  the  rising  limb  (17:40  -  18:30)  bedload 
transport  activity  increases  over  the  1.55  m  detec- 
tor unit  to  rates  of  15  signals  per  minute  and 
bedload  particles  start  to  move  in  groups  or 
"families."  This  period  falls  into  the  categories  of 
small  bedload  waves  and  the  beginning  of  major 
waves.  Signal  rates  reach  their  maximum  between 
18:30  and  18:40.  This  is  the  peak  of  a  major  bed- 
load  wave.  The  transport  of  single  particle 
"families"  lasts  for  about  10-30  seconds  and 
"families"  appear  in  about  1-minute  intervals. 
Short-term  peak  rates  might  reach  about  1  or  2 
signals  per  second.  The  reasons  for  this  "family" 
transport  are  unclear.  The  number  of  particles  that 
pass  per  unit  width  and  time  is  too  small  to  enable 
particle  interaction  within  the  group. 

This  observation  of  very  fast  fluctuations  of 
signal  rates  with  the  occurrence  of  pebble  "fami- 
lies" is  not  in  agreement  with  the  concept  of 
bedload  sheets  which  slowly  migrate  down- 
stream. Although  about  10  pebble  or  cobble 
particles,  and  perhaps  some  finer  material,  might 
gather  to  continue  their  travel  as  a  "family",  it  is 
not  conceivable  that  these  "families"  form  a  mi- 
grating bedform  or  a  bedload  sheet.  The  passage 
of  bedload  sheets  should  show  initially  high 
transport  rates  of  large  particles  as  the  coarse 
front  of  the  bedload  sheet  moves  through.  Rela- 
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Figure  5.26a-c  -  Temporally  high  resolution  registration  of  bedload  signals:  a)  random  transport,  b)  and  c)  "family  '-transport  of  various 
intensities. 
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tively  low  and  steady  signal  rates  should  follow 
as  the  more  sandy  part  of  the  bedload  sheet  passes 
by.  This  is  not  the  pattern  of  bedload  transport  at 
Squaw  Creek. 

5.4.4  Results 

The  visual  analyses  of  the  time  series  of  bed- 
load  transport  in  high  temporal  resolution 
(5-minute  intervals)  shows  that  bedload  fluctua- 
tions during  the  3-day  time  period  can  be 
distinguished  according  to  their  periodicity,  am- 
plitude, and  symmetry  and  grouped  into  four 
categories: 

•  major  bedload  waves, 

•  minor  bedload  waves, 

•  small  bedload  waves,  and 

•  random  transport. 

Fourier  transformations  and  spectral  analyses 
performed  to  supplement  the  visual  analyses 
turned  out  to  be  of  little  help  in  the  discrimination 
and  interpretation  of  the  cause  of  bedload  waves 
due  to  methodological  differences. 

Major  bedload  waves  which  occur  around 
peak  flow  were  attributed  to  the  temporal  vari- 
ation of  river  bed  adjustments.  Minor  and  small 
bedload  waves  which  occur  predominantly  on  the 
falling  limbs  of  flow  with  a  periodicity  of  5-hours 
and  1-hour,  respectively,  could  perhaps  also  re- 
sult from  river  bed  adjustments.  But  due  to  lower 
and  less  variable  flows  these  adjustments  take 
place  in  lower  frequencies  and  involve  less  bed- 
load  material.  Temporal  high  resolution  analyses 
of  the  flow  and  channel  bottom  conditions  are 
needed  to  better  investigate  the  origin  of  bedload 
waves  in  mountain  streams. 

Several  process-oriented  laboratory  experi- 
ments indicate  a  transport  mechanism  in  which 
the  fluctuation  of  bedload  transport  is  due  to  the 
migration  of  bedload  sheets.  This  transport 
mechanism  is  based  on  a  particular  longitudinal 
sequence  of  channel  bottom  roughnesses  (longitu- 
dinal sorting).  Coarse  particles  build  the  front  of 
the  bedform,  and  a  mixture  of  sand  and  gravels 
follows  upstream.  Bedload  transport  rates  are  of 
pulsating  nature.  The  frequency  of  the  pulsations 
increases  with  discharge  and  sediment  supply. 

If  the  hydraulic  and  sedimentologic  conditions 
of  flume  experiments  are  scaled  up  using  the  simi- 
larity laws  to  meet  the  sedimentological  dimen- 
sions of  mountain  streams  (e.g.,  enlarged  by  a 
factor  of  10),  it  becomes  evident  that  mountain 
streams  would  have  to  experience  enormous 


floods  and /or  a  high  sediment  supply  rates  in  or- 
der to  produce  bedload  sheets. 

Streams  with  a  large  width /depth  ratio  and  a 
sediment  mixture  with  plenty  of  sand  and  fine 
gravels  could  have  enough  sediment  supply  to 
develop  bedload  sheets.  None  of  these  conditions 
was  true  for  Squaw  Creek  during  ordinary  snow- 
melt  high  flows  with  a  2-year  recurrence  interval. 
Besides,  the  temporal  structure  of  bedload  fluc- 
tuations at  Squaw  Creek  which  features  waves  of 
different  periodicities,  amplitudes  and  symmetry 
does  not  coincide  with  the  temporal  structure  of 
bedload  waves  that  result  from  bedload  sheets. 
Bedload  waves  at  Squaw  Creek  can  therefore  not 
result  from  the  migration  of  bedload  sheets. 

The  analyses  of  bedload  transport  in  supply- 
limited  mountain  streams  should  focus  on  two 
issues.  One  issue  is  the  investigation  of  the  tempo- 
ral and  spatial  variation  of  river-bed  adjustments. 
The  other  issue  is  the  investigation  of  bedload 
particle  interactions  as  well  as  the  interactions  be- 
tween bedload  and  the  particles  which  are  part  of 
the  river  bed.  High  temporal  resolution  observa- 
tions of  bedload  transport  at  Squaw  Creek  has 
shown  that  during  peak  transport  rates  bedload 
transport  disintegrates  into  a  series  of  short-term 
(10-30  s)  bedload  fluctuations  in  which  a  group  of 
maybe  10  particles  travel  together  as  a  "family." 
An  interaction  between  moving  bedload  particles 
is  hard  to  imagine  since  the  concentration  of  mov- 
ing particles  per  width  and  time  is  very  low. 

The  analyses  of  both  issues  require  not  only 
information  about  the  temporal  and  spatial  vari- 
ation of  hydraulic  conditions,  and  the  river 
bottom  form  and  roughness,  but  also  continuous 
measurements  of  bedload  transport  and  its  grain- 
size  distribution.  Such  measurements,  however, 
require  techniques  that  are  only  in  the  process  of 
being  developed.  Results  of  grain-size  distribu- 
tion analyses  of  sequential  samples  taken  with  the 
large  net  sampler  are  given  in  the  next  section. 

5.5  Bedload  Grain-size  Distribution 

Together  with  the  analysis  of  the  temporal 
variation  of  bedload  transport,  the  grain-size  dis- 
tribution analysis  of  bedload  transport  is  one  of 
the  most  important  issues  in  coarse  material  bed- 
load  transport  investigations.  The  processes  of 
bedload  transport  are  determined  by  the  interac- 
tions between  the  different  grain-sizes.  A  study  of 
the  grain-sizes  and  their  temporal  variation  are  a 
fundamental  part  in  the  investigation  of  coarse 
bedload  transport  processes. 
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5.5.1  Comparability  problem  of  present 
investigations 

Other  than  the  studies  concerned  with  the  mi- 
gration of  bedload  sheets,  grain-size  distributions 
of  coarse  bedload  material  from  natural  streams 
has  not  been  studied  very  intensively  from  a  proc- 
ess-oriented point  of  view.  Suitable  data  are 
scarce  (Komar  1989),  anyway. 

Only  recently  have  grain-size  analyses  of  bed- 
load  from  mountain  streams  been  intensified. 
These  studies  investigate  criteria  of  incipient  mo- 
tion of  individual  grain-size  fractions  from 
sediment  mixtures.  The  backgrounds  for  these 
analyses  were  discrepancies  between  incipient 
motion  conditions  described  in  the  Shields  dia- 
gram and  those  observed  for  particles  from 
sediment  mixtures.  The  divergence  is  larger,  the 
coarser  and  wider  the  grain-size  distributions  are. 
The  investigations  of  incipient  motion  lead  to  fur- 
ther questions  of  whether  transported  grain-size 
spectra  vary  with  flow  intensity  (selective  trans- 
port) or  whether  all  grain  sizes  are  equally  mobile 
irrespective  of  discharge  (equal  mobility)  (Section 
5.5.3). 

However,  differences  in  the  methodologies  of 
studies  make  it  problematic  to  compare  the  results 
of  grain-size  analyses  from  different  studies.  The 
comparability  among  field  measurements  suffers 
especially  from  the  wide  range  of  sedimentologi- 
cal  conditions  encountered  in  different  stream 
types  and  from  the  different  sampling  techniques 
and  strategies  employed  for  coarse  bedload  trans- 
port (Komar  and  Shih  1992;  Ashworth  and 
Ferguson  1989a).  Flume  studies  differ  from  condi- 
tions encountered  in  mountain  streams  by  their 
usually  finer  grain-size  distributions  and  their 
relatively  large  sediment  supply  rates  (e.g.,  Wil- 
cock  and  Southard  1989). 

Besides  the  differences  in  channel  bed  condi- 
tions and  sampling,  another  problem  with 
comparability  is  posed  by  the  different  methods 
of  data  analyses.  Wilcock  (1988)  shows  how  the 
incipient  motion  analysis  leads  to  completely  dif- 
ferent results  depending  on  whether  the  estimate 
of  critical  shear  stress  (to  crit)  is  based  on  the  largest 
grain  displaced  or  on  the  smallest  shear  stress 
needed  to  move  some  small  quantity  of  bedload. 
While  the  first  methodology  demonstrates  a 
strong  grain-size  dependency  of  to  crit  with  grain 
size,  the  latter  confirms  their  independence. 

Most  of  the  studies  regarding  the  discharge 
(in-)dependency  of  incipient  motion  and  transport 
describe  their  grain-size  distributions  by  a  single 
percentile  only  (usually  D50).  Some  studies  plot 


various  index  numbers  versus  each  other  to  indi- 
cated initial  motion  criteria,  a  practice  which 
sometimes  demands  quite  a  high  degree  of  ab- 
straction from  the  reader.  Newer  studies  try  to 
address  more  characteristics  of  grain-size  distri- 
butions than  their  central  tendency  and  bring 
back  to  usage  grain-size  parameters  like  sorting 
and  skewness  or  particle  transport  rates  (Komar 
and  Shih  1990  and  Komar  and  Shih  1992,  Bunte 
1992a  and  1992b). 

Studies  of  coarse  bedload  transport  grain-size 
distributions  are  generally  in  need  of  better  field 
techniques  to  increase  the  availability,  the  repre- 
sentativeness and  comparability  of  data  sets  from 
different  streams.  The  inter-study  comparability 
of  bedload  data  is  further  in  need  of  meaningful 
and  generally  accepted  methods  of  data  analyses. 

5.5.2  Temporal  and  spatial  variation  of  bedload 
transport  rates  and  their  grain-size  distributions 
at  Squaw  Creek 

Bedload  samples  taken  at  Squaw  Creek  with  a 
3"  by  3"  Helley-Smith  sampler  during  the  high 
flow  of  1986  were  used  to  study  the 

•  cross-sectional  variability  of  bedload  trans- 
port (Section  5.5.2.1)  and 

•  temporal  variation  of  its  grain-size  distribu- 
tion in  the  course  of  a  high  flow  (Section 
5.5.2.2). 

The  first  topic  should  indicate  the  paths  of 
sediment  transport.  The  latter  should  provide 
some  insight  into  the  sources  of  sediment  and  the 
temporal  variability  of  the  sedimentological  con- 
ditions of  the  river  bed.  The  temporal  variability 
of  bedload  grain-size  distributions  was  also  stud- 
ied in  higher  temporal  resolution  using  sequential 
samples  taken  in  2-hour  intervals  with  the  net- 
sampler  in  during  the  high  flow  in  1988  (Section 
5.5.8). 

5.5.2.1  Cross-sectional  variation  of  bedload 
transport  and  its  grain-size  distribution 

Bedload  samples  taken  with  the  Helley-Smith 
sampler  at  eight  locations  across  the  stream  (fig. 
3.13).  Bedload  grain-sizes  vary  over  the  cross-sec- 
tion and  are  associated  with  a  spatial  variation  of 
bedload  transport  rates.  The  four  sampling  points 
closest  to  the  banks  of  the  stream  produce  pre- 
dominantly sandy  samples  and  small  transport 
rates.  Bedload  transport  in  the  center  of  the 
stream  has  larger  transport  rates,  larger  amounts 
of  gravel  and  stronger  variations  of  transport 
rates  of  samples  from  the  same  location.  A  similar 
observation  has  been  made  by  Pitlick  (1987).  Ordi- 
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Figure  5.27  -  Spatial  variation  of  bedload  transport,  sampled  with  Helley-Smith  sampler  along  a  cross-section  (measuring  locations 
1-8)  over  several  days.  Stippled  bar:  gravel  portion;  black  bar.  sand  portion. 


nary  snowmelt  high  flows  confine  the  transport  of 
coarse  bedload  to  a  Section  a  few  meters  in  the 
center  of  the  stream  (fig.  5.27).  The  analyses  of  the 
signal  rates  confirm  this  centralization.  Both  pho- 
tographs in  Figure  5.7a-b,  Section  5.3.1,  show  from 
top  to  bottom  bedload  signals  registered  on  the 
detector  units  5/6  in  the  center  of  the  stream  (up- 
per lines),  on  the  detector  unit  7/8  right  from  the 
stream  center,  but  at  thalweg  position  (center 
lines),  and  on  the  unit  9/10  at  the  right  bank  (bot- 
tom lines).  The  position  of  the  detector  units  in  the 
stream  is  also  shown  in  Figure  3.13.  The  detector 
unit  9/10  at  the  right  bank  exhibits  much  smaller 
signal  rates  than  the  central  detector  units.  The 
central  detector  unit  5/6  has  a  slightly  higher 
daily  signal  count  than  the  unit  7/8  on  its  right 
side.  Signal  rates  on  both  units  can  vary  by  100% 
for  individual  hours,  but  the  general  trend  of  the 
bedload  fluctuations  is  always  maintained  on 
both  units.  Similar  observations  regarding  the 
spatial  variability  of  bedload  transport  were  made 
by  Reid  et  al.  (1985). 

5.5.2.2  Change  of  grain-size  distribution  dur- 
ing the  course  of  the  high  flow 

During  the  snowmelt  high  flow  of  1986,  bed- 
load  samples  were  taken  with  the  3"  Helley-Smith 
sampler  on  several  days  of  the  high  flow,  espe- 
cially during  the  rising  limbs,  at  about  the  same 


discharge  each  day.  Bedload  transport  rates  and 
grain-size  distributions  varied.  The  numerical  re- 
sults of  the  sieve  analyses  are  given  in  Table  2 
(appendix). 

In  the  beginning  of  the  high  flow  (second  high 
flow  day)  bedload  transport  is  dominated  by  sand 
(fig.  5.28a  and  b)  when  transport  rates  are  rather 
low.  Higher  transport  rates  are  mainly  composed 
of  fine  gravel  (2  -  22.4  mm).  Later  days  of  the  high 
flow  produce  samples  with  a  constantly  low  con- 
tent of  the  sand  and  fine  gravels.  An  increase  of 
bedload  transport  rates  is  mostly  attributable  to 
an  increase  in  the  coarse  gravel  fraction  (22.4  -  63 
mm). 

Although  the  competence  of  the  flows  is  simi- 
lar in  both  cases,  different  grain-size  distributions 
are  transported  in  the  beginning  and  the  end  of 
the  high  flow.  Similar  observations  have  been 
made  by  Klingeman  and  Emmett  (1982),  Gomez 
(1983),  Reid  et  al.  (1985),  and  Reid  and  Frostick 
(1986).  These  differences  can  only  be  explained  by 
a  change  in  the  grain-size  composition  of  the 
transportable  material.  In  the  beginning  of  the 
high  flow,  bedload  is  comprised  mainly  of  fines 
which  are  "winnowed  out"  from  deposits  pro- 
duced on  the  falling  limb  of  the  last  major  high 
flow.  After  the  interstices  have  been  cleared  dur- 
ing the  first  few  days  of  the  new  high  flow,  larger 
particles  become  exposed  and  can  also  be  eroded 
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Figure  5.28a  -  Grain-size  distributions  (in  absolute  terms)  for  different  bedload  transport  rates  during 
the  beginning  and  the  middle  part  of  the  high  flow  period  (Helley-Smith  sampler,  1986). 


Figure  5.28b  -  Grain-size  distributions  (as  percentages)  for  different  bedload  transport  rates  during  the 
beginning  and  the  middle  part  of  the  high  flow  period  (Helley-Smith  sampler,  1986). 
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and  transported  during  later  high  flow  days.  The 
grain-size  spectrum  of  bedload  transport  is  thus 
not  only  dependent  on  the  current  force  of  flow, 
but  is  also  strongly  affected  by  the  previous  hy- 
drological  and  sedimentological  history  which 
determines  the  sedimentary  conditions  on  the 
stream  bed. 

5.5.3  Selective  transport  or  equal  mobility? 

Incipient  particle  motion  from  widely  sorted 
gravel  beds  is  dependent  on  the  absolute  particle 
size  as  well  as  the  grain-size  distribution  of  the 
sediment  mixture  surrounding  the  particle  (Sec- 
tion 4.3.2).  The  effects  of  "hiding  and  exposure" 
(Fenton  and  Abbot  1977)  can  have  a  large  influ- 
ence on  initial  motion.  Erosion  of  a  large  particle 
surrounded  by  finer  grains  does  not  necessarily 
require  larger  forces  of  flow  than  does  erosion  of  a 
small  particle  from  the  aggregation  of  larger 
clasts.  Owing  to  these  results  it  was  concluded  by 
several  researchers  that  as  soon  as  a  threshold  dis- 
charge was  exceeded  and  just  a  few  particles 
would  start  to  move,  the  entire  material  on  the 
channel  bottom  would  be  set  into  motion  immedi- 
ately hereafter.  This  mechanism,  under  which  all 
grain  sizes  are  equally  mobile  at  initial  motion 
and  during  transport,  was  called  equal  mobility 
(Parker  and  Klingeman  1982;  Parker  et  al.  1982; 
Andrews  1983;  Andrews  and  Parker  1987).  An  en- 
richment of  coarse  particles  on  the  stream  bottom 
and  the  accordingly  increased  roughness  were 
seen  as  necessary  agents  to  sustain  bedload  trans- 
port in  its  amount  and  grain-size  distribution 
since  it  formed  a  mobile  armor.  This  means  that 
some  of  the  coarse  particles  are  always  so  far  ex- 
posed and  so  unstable  that  they  can  be  eroded 
and  transported  during  relatively  small  forces  of 
flow.  This  interpretation  contrasts  with  studies  by 
Gomez  (1983)  who  describes  a  progressive  coars- 
ening of  the  channel  bottom.  As  the  sediment 
supply  becomes  reduced  while  flow  is  either  con- 
stant or  declining,  flow  loses  its  competence  to 
transport  all  particle  sizes  on  the  stream  bed. 
While  transport  rates  are  slowly  declining,  parti- 
cles too  coarse  to  be  transported  are  deposited  on 
the  stream  bed  until  bedload  transport  rates  are 
reduced  to  almost  zero.  This  process  forms  a  static 
armor. 

Controversy  still  exists  with  respect  to  both 
the  definition  of  the  technical  terms,  as  well  as  the 
sedimentological  and  hydraulic  requirements  nec- 
essary for  bedload  transport  to  take  place  in  equal 
mobility  or  as  selective  transport  (Kuhnle  1992; 
Komar  and  Shih  1992;  Shih  and  Komar  1990b; 


Ashworth  et  al.  1992;  Wilcock  and  Southard  1989; 
Wilcock  1992;  Bunte  1990  and  Bunte  1992a).  It  is 
also  still  controversially  discussed  whether  the 
definition  of  equal  mobility  implies  the  non-de- 
pendency of  the  bedload  grain-size  distribution 
on  discharge  conditions,  or  whether  equal  mobil- 
ity means  the  similarity  of  the  bedload  grain-size 
distribution  with  the  grain-size  distribution  of  the 
stream  bed.  The  concept  of  selective  transport  im- 
plies that  the  effects  of  the  relative  grain-size  of  a 
particle  are  less  important  on  initial  motion  and 
transport  than  the  absolute  grain  size  ("hiding 
and  exposure").  This  would  mean  that  depending 
on  the  competence  of  flow  only  the  particles  of  the 
right  size  will  be  selectively  eroded  and  trans- 
ported. Grain-size  spectra  of  bedload  would 
change  with  changes  in  discharge. 

In  order  to  study,  if,  or  under  which  circum- 
stances, bedload  transport  at  Squaw  Creek 
operates  according  to  the  principles  of  selective 
transport  or  equal  mobility,  the  grain-size  distri- 
butions of  bedload  and  stream  bed  material  need 
to  be  registered  continuously.  The  latter  presents 
a  problem  which  can  presently  not  be  solved.  The 
detailed  cross-sectional  measuring  device  intro- 
duced as  "Tausendfiifsler"  in  previous  Sections 
(4.3.3;  4.5.2;  5.3.4)  is  a  step  towards  the  solution  of 
this  measuring  task.  Several  studies  have  tried  to 
infer  different  processes  of  the  river  bed  develop- 
ment during  bedload  transport  using  the  bedload 
grain-size  distribution.  Gomez  (1983)  and  Wilcock 
(1992)  could  interpret  a  progressive  coarsening  of 
the  stream  bed,  while  Kuhnle  (1992)  observed  a 
progressive  smoothing.  Whether  a  stream  bed  de- 
velops as  mobile  armor  that  supports  bedload 
transport,  or  as  static  armor  that  prevents  bedload 
transport  seems  to  depend  on  the  rate  of  sediment 
supply  and  needs  to  be  further  investigated  (Suth- 
erland 1987).  Nouh  (1990)  suggests  that  the 
grain-size  distribution  of  the  bed  armor  layer  is 
not  only  affected  by  hydraulic  parameters  such  as 
depth  and  velocity  of  flow,  but  also  by  the  dura- 
tion and  unsteadiness  of  the  flows. 

A  lot  of  work  remains  to  be  done  in  the  re- 
search approach  that  tries  to  investigate  the 
interactions  between  the  river  bed  and  bedload 
transport  by  the  analyses  of  the  grain-size  distri- 
bution of  the  transported  material. 

The  following  sections  analyze  whether  gravel 
bedload  at  Squaw  Creek  is  transported  selectively 
or  in  equal  mobility.  The  first  step  is  a  detailed 
analysis  of  the  grain-size  distributions  of  the 
coarse  samples  taken  episodically  with  the  net 
sampler  (11.2  mm  >  D  >  180  mm)  during  the  high 
flow  in  1988.  Sampling  technique  and  procedure 
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have  been  described  in  Section  4.4.4.2,  sieve  analy- 
ses and  the  determination  of  percentiles  are 
described  in  Section  4.4.5.  The  grain-sizes  of  7  per- 
centiles (D5,  Die,  D25,  D50,  D75,  D84,  and  D95) 
were  calculated  in  0-units  and  are  listed  in  Table  3 
in  the  appendix. 

5.5.3.1  Variation  of  percentiles  with  discharge 

To  test  the  relation  between  bedload  grain-size 
distribution  and  discharge,  the  grain  sizes  of  each 
of  the  7  percentiles  (see  above)  were  plotted  ver- 
sus the  discharge  at  which  the  sample  had  been 
taken  (fig.  5.29).  The  data  scatter,  but  power  func- 
tion regressions  were  fitted  through  the  relations 
between  percentiles  and  discharge  for  each  of  the 
7  percentiles.  Although  the  curved  course  of  the 
functions  marks  a  log-log  relationship,  a  linear 
scale  was  chosen  for  the  abscissa  because  the  dis- 
charge values  range  over  half  an  order  of 
magnitude  only.  If  regression  functions  over- 
lapped, the  functions  of  the  larger  percentiles 
were  deleted  below  the  cross  point  because  the 
percentile  of  a  D95  cannot  be  smaller  than  the  per- 
centile of  a  D84-  This  is  a  statistical  artifact. 


The  regression  functions  form  a  function 
group  that  originates  at  a  common  point  (the 
threshold  of  motion)  and  opens  towards  increas- 
ing flows.  This  group  of  curves  indicated  clearly 
that  the  grain-size  distribution  of  bedload  be- 
comes coarser  with  increasing  flow.  Bedload  at 
Squaw  Creek  is  definitely  transported  selectively 
during  ordinary  events  when  snowmelt  high 
flows  reach  bankfull  levels  and  no  sediment  ex- 
cept bed  material  is  supplied  to  the  stream. 

Larger  than  ordinary  high  flow  discharges  did 
not  occur  during  the  measuring  period  at  Squaw 
Creek.  Therefore  no  data  support  the  extrapola- 
tion of  these  graphs.  But  as  long  as  transport 
occurs  selectively,  flow  competence  increases  with 
increasing  discharge,  producing  coarser  grain-size 
spectra  for  higher  flows.  This  rule  can,  however, 
only  be  extended  until  the  point  at  which  the 
coarsest  particles  of  the  stream  bottom  are  part  of 
bedload  transport,  after  the  armor  layer  has  bro- 
ken up.  If  discharges  continue  to  rise,  the 
grain-size  distribution  cannot  coarsen  anymore, 
because  it  cannot  become  coarser  than  the  grain- 
size  composition  of  the  river  bed.  If  no  additional 
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Figure  5.29.  -  Variation  of  grain-size  distributions  with  discharge:  the  grain-sizes  of  the  7  percentiles  increase  as  flow  rises  (samples  from 
the  net-sampler,  1988). 

Dynamics  of  Gravel-Bed  Rivers.  P.  Billi,  R.D.  Hey,  C.R.  Thorne,  P.  Tacconi  (editors),  1992,  John  Wiley  &  Sons  Ltd.,  Chichester, 
England,  Reproduced  by  permission  of  John  Wiley  and  Sons  Limited. 
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sediment  sources  are  supplied  to  the  stream,  the 
transported  grain-size  distribution  will  reach  a 
constant  state  after  a  certain  discharge  threshold 
has  been  exceeded  and  equals  the  grain-size  dis- 
tribution of  the  channel  bed.  An  equal  mobility  of 
all  grain  sizes  has  been  reached.  The  transport 
mode  of  equal  mobility  will  at  Squaw  Creek  only 
occur  during  extremely  large  events  with  high 
sediment  supply  which  also  lead  to  a  drastic 
change  in  the  channel  morphology. 

This  concept  of  varying  transport  modes  be- 
tween initial  motion  and  highest  transport  rates  is 
schematically  presented  in  Figure  5.30.  This  dia- 
gram demonstrates  clearly  how  for  supply-lim- 
ited mountain  streams  the  grain-size  distribution 
initially  coarsens  with  increasing  flow  and  sedi- 
ment availability  during  selective  transport.  The 
transport  mode  changes  to  equal  mobility  as  flow, 
and  especially  sediment  availability,  increases 
during  extreme  events.  Stream  systems  with  a 
generally  high  sediment  supply  (e.g.,  braided 
streams,  streams  with  alternate  bars,  etc.)  or 
streams  with  a  temporary  high  sediment  supply 
(e.g.,  after  log  jam  bursts)  reach  the  state  of  equal 
mobility  much  faster  during  increasing  flows.  The 
transient  phase  of  selective  transport  is  then  short 
and  confined  to  the  beginning  of  bedload  motion. 


5.5.3.2  Variation  of  grain-size  parameter  with 
discharge 

Apart  from  the  discharge  dependency  of  the 
bedload  grain-size  distribution  (fig.  5.29),  it  will 
also  be  studied  whether  standard  grain-size  pa- 
rameters like  skewness  and  sorting  (Folk  and 
Ward  1957)  as  well  the  parameter  Dmax  show  a 
systematic  response  to  increasing  flows  at  Squaw 
Creek.  The  respective  parameters  were  calculated 
for  all  samples  and  their  relation  to  flow  discharge 
was  plotted  in  Figure  5.31a,  b,  and  c. 

The  Dmax  of  the  grain-size  distributions  at 
Squaw  Creek  increases  as  flow  rises,  similar  to  the 
studies  by  Wilcock  (1988),  Ashworth  and  Fer- 
guson (1989a),  and  Komar  and  Shih  (1992). 
Increasing  flow  further  produces  poorer  sorting  of 
the  grain-size  distribution  and  decreasing 
skewness.  Grain-size  spectra  become  wider  and 
more  symmetric  as  flows  increase. 

These  results  agree  with  the  studies  by  Komar 
and  Shih  (1992)  and  Shih  and  Komar  (1990b)  re- 
garding the  general  shift  of  the  grain-size 
spectrum  with  flow,  which  means  the  studies  gen- 
erally agree  on  the  selectivity  of  bedload 
transport.  But  results  from  Squaw  Creek  depart 
from  the  results  by  the  above  authors  in  as  much 
as  the  response  of  the  grain-size  spectra  to  in- 
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Figure  5.30  -  Schematic  diagram  indicating  the  variation  of  the  grain-size  distribution  with  increasing  flow  for  Squaw  Creek:  from 
selective  transport  during  ordinary  snow  melt  high  flows  to  equal  mobility  during  extreme  events. 
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Figure  5.31a  -  Relation  of  grain-size  distribution  sorting  and  discharge. 
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Figure  5.31b  -  Relation  of  grain-size  distribution  skewness  and  discharge. 

Dynamics  of  Gravel-Bed  Rivers.  P.  Billi,  R.D.  Hey,  C.R.  Thorne,  P.  Tacconi  (editors),  1992,  John  Wiley  & 
Sons  Ltd.,  Chichester,  England,  Reproduced  by  permission  of  John  Wiley  and  Sons  Limited. 
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Figure  5.31c  -  Relation  of  maximum  bedload  grain  size  and  discharge. 

Dynamics  of  Gravel-Bed  Rivers.  P.  Billi,  R.D.  Hey,  C.R.  Thorne,  P.  Tacconi  (editors),  1992,  John  Wiley  &  Sons  Ltd.,  Chichester, 
England,  Reproduced  by  permission  of  John  Wiley  and  Sons  Limited. 


creasing  flows  is  exactly  contrary:  increasing  flow 
or  increasing  shear  stress  makes  transported 
grain-size  spectra  become  more  skewed  and  more 
narrow  in  the  data  from  Oak  Creek  analyzed  by 
Komar  and  Shih  (1992)  and  Shih  and  Komar 
(1990b).  Besides,  contrary  to  results  in  Figure  5.29, 
the  D50  of  the  Oak  Creek  data  increases  at  a  faster 
rate  with  flow  than  Dmax- 

In  order  to  find  the  reasons  for  this  systematic 
disagreement  between  the  behavior  of  the  two 
data  sets,  the  significance  and  applicability  of 
these  standard  grain-size  parameter  for  grain-size 
spectra  encountered  in  coarse  material  bedload 
transport  has  to  be  examined. 

5.5.4  Applicability  of  standard  grain-size 
analyses  for  coarse  material  bedload 

It  was  assumed  that  the  disparity  between  the 
sedimentary  response  reported  by  Komar  and 
Shih  (1992)  and  Shih  and  Komar  (1990b)  for  Oak 
Creek  and  the  sedimentary  behavior  observed  at 
Squaw  Creek  results  from  the  incomparability  of 
the  respective  grain-size  distributions.  Komar  and 
Shih  (1992)  and  Shih  and  Komar  (1990b)  analyze 
grain-size  spectra  that  range  from  sand  to  cobbles, 
while  the  smallest  grain-size  class  of  the  samples 
analyzed  at  Squaw  Creek  was  much  larger  (11.2 
mm).  It  is  therefore  investigated  whether  the 


grain-size  parameters  of  both  data  sets  will  follow 
the  same  trend  for  increasing  flows,  when  the 
range  of  grain-sizes  in  both  data  sets  is  equalized. 
The  Oak  Creek  data  were  therefore  artificially 
truncated  at  11.2  mm,  and  the  coarser  residue  was 
normalized  to  represent  100%.  Skewness  and 
sorting  were  recalculated  and  plotted  versus  dis- 
charge. Skewness  and  sorting  show  now  the  same 
trend  in  their  discharge  dependency  as  data  from 
Squaw  Creek:  sorting  of  the  coarse  grain-size 
spectra  increases  with  flow,  while  skewness  de- 
creases. The  transported  grain-size  spectra 
become  wider  and  more  symmetrical  with  in- 
creasing flow. 

This  analysis  shows  that  standard  grain-size 
parameters,  such  as  sorting  and  skewness,  re- 
spond sensibly  to  a  change  in  the  range  of  the 
sampled  grain-size  spectrum.  Studies  by  Schleyer 
(1987)  and  Forest  and  Clark  (1989)  confirm  this 
phenomenon.  These  studies  also  point  out  that 
completely  different  grain-size  distributions  can 
show  the  same  values  for  certain  grain-size  pa- 
rameters. The  standard  grain-size  parameters  like 
sorting  and  skewness,  as  well  as  the  percentiles, 
will  only  provide  a  meaningful  statement  and 
comparability  if  they  are  exclusively  applied  to 
grain-size  distributions  that  are  similar.  This  simi- 
larity implies  that  both  data  sets  resemble  the 
same  statistical  distribution  (e.g.,  Gaussian,  log- 
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normal,  Rosin)  and  are  truncated  to  the  same  de- 
gree at  both  ends.  Standard  grain-size  parameters 
are  only  suitable  for  a  comparison  of  coarse  bed- 
load  material,  if  the  samples  are  part  of  the  same 
"population"  which  means  that  the  applicability 
is  limited  to  samples  taken  under  similar  sedi- 
mentological  and  technical  conditions  at  one 
stream  (Bunte  1992a). 

It  is,  however,  technically  and  practically 
problematic  to  take  representative  bedload  sam- 
ples without  truncating  the  grain-size  spectrum 
on  either  the  coarse  or  the  fine  end,  especially  in 
streams  that  carry  coarse  bedload  with  wide 
grain-size  distributions  ranging  from  sand  to 
boulders.  Therefore,  depending  on  the  bedload 
transport  characteristics  of  the  respective  stream, 
the  sampling  technique  employed,  or  the  chosen 
method  of  grain-size  analyses,  grain-size  distribu- 
tions of  bedload  samples  are  usually  truncated  to 
various  degrees  on  their  fine  and  coarse  ends 
(Schleyer  1987). 

The  incompleteness  of  sampled  bedload  grain- 
size  spectra  on  the  fine  end  can  be  due  to  several 
factors: 

•  a  gap  between  the  sampler  opening  and  the 
stream  bottom, 

•  large  mesh  widths  of  the  sampling  bag,  and 

•  the  often  small  proportion  of  fines  within  a 
bedload  sample  of  coarse  sediment. 

The  lack  or  the  dearth  of  the  coarse  fraction 
within  bedload  samples  can  be  attributed  to 

•  small  sampler  openings, 

•  small  sample  sizes, 

•  short  sampling  times,  and 

•  coarsest  fractions  are  usually  transported 
less  frequently. 

The  chance  is  that  the  transport  of  the  coarsest 
fractions  will  be  underrepresented. 

Bedload  samples  from  coarse  bedload  carry- 
ing streams,  and  especially  when  sampled  over  a 
few  minutes  only,  do  not  only  have  truncated 
ends,  but  also  irregular  grain-size  distributions  in 
general.  This  means  that  the  mass,  or  number  of 
particles,  respectively  per  sieve  class  is  over-or 
underrepresented  in  relation  to  neighboring  size 
classes,  leading  to  a  deviation  from  a  Gaussian  (or 
lognormal)  distribution  by  itself.  This  surplus  or 
dearth  of  particles  within  a  certain  size  fraction 
does  not  necessarily  present  an  unsystematical 
statistical  variation.  These  irregularities  within  the 
sampled  grain-size  spectra  could  give  important 
hints  regarding  the  processes  of  coarse  material 


bedload  transport.  Since  it  cannot  be  clarified  off- 
hand which  part  of  the  grain-size  variability  is 
due  to  sampling  artifacts  and  which  parts  repre- 
sent a  bedload  process,  the  entire  variability  of 
sampled  grain-size  spectra  should  therefore  be  ex- 
plicitly incorporated  into  a  grain-size  analysis  and 
not  be  averaged  out  by  fitting  a  Gaussian  (or  log- 
normal)  distribution  to  the  data  set  by  all  means. 

The  general  incomparability  of  results  from 
standard  grain-size  analyses  of  coarse  bedload 
samples  with  their  typically  truncated  and  irregu- 
lar grain-size  distributions  do  not  need  to  be  a 
reason  to  drop  comparative  grain-size  analyses  of 
coarse  bedload  material  altogether.  But  it  is  neces- 
sary to  develop  new  procedures  that  make  it 
possible  to  compare  results  of  grain-size  analyses 
of  coarse  bedload  samples  without  restriction 
(Bunte  1992b).  A  new  possibility  for  such  analyses 
is  suggested  in  the  next  section. 

5.5.5  Particle  numbers  and  particle  transport 
rates 

It  has  already  been  shown  in  Section  4.4.5.2 
how  the  grain-size  distributions  of  coarse  bedload 
samples  can  be  determined  by  counting  the 
number  of  particles  per  sieve  class,  and  relating 
this  number  to  a  unit  of  flow  per  width  and  time 
(Appendix  Table  3b).  The  determination  of  parti- 
cle transport  rates  for  an  increment  of  time  and 
space  is  a  simple  and  effective  method  to  charac- 
terize both  bedload  transport  rates  and  their 
grain-size  distributions. 

Fractional  particle  transport  rates  of  samples 
taken  during  the  snowmelt  high  flow  in  1988  are 
plotted  in  histograms  in  Figure  5.32.  In  order  to 
show  the  grain-sizes  of  bedload  transported  dur- 
ing an  ordinary  snowmelt  high  flow  and  the 
relation  of  bedload  material  to  other  sedimen- 
tological  stream  units,  the  number  of  particles  per 
sieve  classes  larger  than  11.2  mm  was  also  deter- 
mined for  a  sample  from  a  gravel  bar  and  the 
channel  bottom. 

The  gravel  bar  that  was  sampled  developed 
during  a  large  rain-on-snow  event  in  1981.  The 
berm  along  this  gravel  bar  formerly  divided 
Squaw  Creek  into  two  branches,  until  a  log-jam 
burst  in  1983  altered  the  channel  morphology 
again  and  resulted  in  an  aggradation  and  sub- 
sequent abandonment  of  the  former  right  channel. 
The  present  position  of  the  gravel  bar  is  shown  in 
Figure  4.14  (lower  left  part)  and  in  the  maps  of 
Figures  3.7  and  3.8.  The  sample  from  the  gravel 
bar  was  taken  as  a  bulk  sample  at  the  streamward 
side  of  the  gravel  bar.  The  distribution  of  the 
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Figure  5.32  -  Number  of  particles  present  per  size  class  in  samples  from  the  gravel  bar,  and  the  channel  bottom;  particle  transport 
rates  per  size  class  of  bedload  samples  collected  with  the  net-sampler  in  1988. 

Dynamics  of  Gravel-Bed  Rivers.  P.  Billi,  R.D.  Hey,  C.R.  Thorne,  P.  Tacconi  (editors),  1992,  John  Wiley  &  Sons  Ltd.,  Chichester, 
England,  Reproduced  by  permission  of  John  Wiley  and  Sons  Limited. 
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coarse  fraction  of  this  sample  is  very  symmetrical. 
The  number  of  particles  per  grain-size  class  >11.2 
mm  decreases  exponentially  with  increasing  size 
class  (fig.  5.32). 

The  sample  from  the  channel  bottom  was 
taken  from  a  riffle  area  during  low  flows  and 
comprises  only  the  surface  layer.  The  grain-size 
distribution  shows  a  regular  decrease  of  particle 
numbers  per  sieve  class  only  for  small  gravels 
<  32  mm.  Compared  to  the  grain-size  distribution 
of  the  gravel  bar,  pebbles  between  32  and  64  mm 
are  slightly  underrepresented  on  the  channel  bot- 
tom, while  an  abundance  exists  for  cobbles  >  64 
mm.  These  cobbles  and  small  boulders  stabilize 
the  channel  bottom  as  a  pavement  (Sutherland 
1987).  Some  of  the  cobbles  are  blocky  and  origi- 
nate from  nearby  talus.  Being  wedged  into  each 
other  these  large  clasts  enhance  the  surface  armor. 

Bedload  samples  taken  during  an  ordinary 
high  flow  in  1988  are  numbered  from  3  to  25  ac- 
cording to  Table  3  in  the  Appendix.  The  decrease 
of  particle  transport  rates  for  increasing  grain-size 
classes  is  more  irregular  in  bedload  samples  than 
in  the  sample  from  the  gravel  bar.  Compared  to 
the  regular  grain-size  distribution  of  the  gravel 
bar,  bedload  samples  tend  to  have  a  slight  dearth 
of  small  pebbles  <  32  mm,  but  a  relative  abun- 
dance of  medium  and  large  pebbles  32  -  64  mm. 
This  indicates  a  favorable  transport  of  the  me- 
dium and  large  pebbles  at  Squaw  Creek.  The  pref- 
erential transport  of  medium  and  large  pebbles 
could  indicate  a  progressive  armoring  of  the  chan- 
nel bottom  (Wilcock  and  Southard  1989).  The 
coarsest  particles  that  have  found  a  stable  posi- 
tion, accumulate  on  the  stream  bottom.  Small  peb- 
bles find  erosion  resistant  niches  in  gravel 
pockets  and  in  the  interstitial  spaces.  Medium 
and  large  pebbles  apparently  have  the  greatest 
difficulty  in  finding  protected  places.  Bedload 
samples  from  very  small  transport  rates  (sample 
numbers  5,  20,  21,  22,  24,  and  25)  show  very  pro- 
nounced irregularities  in  their  grain-size  distribu- 
tions. 

5.5.6  Variation  of  particle  transport  rates  per 
grain-size  class  with  flow  discharge 

The  grain-size  analysis  used  to  distinguish  be- 
tween selective  transport  and  equal  mobility  in 
Section  5.5.3  was  based  on  the  percentiles  of  the 
grain-size  distribution  which  characterize  the 
competence  of  the  flow  to  transport  bedload.  If 

12  ' 
see  Barta  etal.  1993 


particle  transport  rates  are  used  for  such  an  analy- 
sis, this  approach  will  pay  consider  both  the 
competence  as  well  as  the  capacity  of  flow.  Parti- 
cle transport  rates  analyze  not  only  a  variation  of 
transported  grain  sizes,  but  also  a  variation  in  the 
amount  of  bedload  transport  per  grain-size  class. 

In  order  to  test  whether  particle  transport 
rates  occurred  in  dependency  of  flow  volume, 
particle  transport  rates  of  all  bedload  samples  (in 
particles  per  meter  and  minute)  were  plotted 
against  flow,  individually  for  each  grain-size  class 
(fig.  5.33).  The  data  scatter  is  large,  especially  for 
discharges  >  5  m3/s.  Particle  transport  rates  per 
grain-size  class  range  over  almost  two  orders  of 
magnitude.  Exponential  functions  were  fitted 
through  the  data  of  each  grain-size  class  to  better 
visualize  and  compare  the  response  of  particle 
transport  rates  to  flow.  The  regression  functions 
for  all  grain-size  classes  are  combined  in  the  last 
partial  plot  in  Figure  5.33.  Two  groups  of  regres- 
sion functions  can  be  distinguished  : 

•  functions  1  to  4,  representing  the  small 
grain-size  classes  between  11.2-45  mm,  and 

•  functions  5  to  7,  representing  the  large 
grain-size  classes  between  64-  125  mm. 

With  the  exception  of  the  regression  function 

I,  which  presents  particle  transport  rates  of  the 
smallest  grain-size  class  11.2  -  16  mm,  regression 
functions  run  almost  parallel  to  each  other. 

The  thresholds  of  motion  for  pebbles  between 

II.  2  and  45  mm  are  reached  as  discharges  ap- 
proach and  pass  3.5  m3/ s.  A  particle  transport  rate 
of  0.01  particles  per  meter  per  minute  is  defined  as 
initial  motion,  because  a  log-partitioned  ordinate 
cannot  exhibit  the  value  of  "zero."  This  minimal 
transport  rate  represents  the  transport  of  1  parti- 
cle per  meter  width  per  100  minutes.  The 
transport  of  pebbles  and  cobbles  >  45  mm  only 
sets  in  when  a  threshold  of  4.5  m3/s  is  exceeded. 
For  grain  sizes  >  45  mm,  discharge  has  to  increase 
incrementally  for  the  incipient  motion  of  each 
larger  grain-size  class.  Wilcock's  (1988)  finding 
that  the  critical  shear  stress  needed  for  initial  mo- 
tion is  independent  of  the  particle  size  can  not,  at 
least  for  particles  >  45  mm,  be  confirmed  for 
Squaw  Creek. 

It  is  also  assumed  for  Squaw  Creek  that  a 
larger  data  set  would  parallel  the  graphs  of  the 
functions  for  smaller  gravels.  A  log-partitioning 
of  the  abscissa  and  the  use  of  power  function  rela- 
tionships might  also  help  to  parallel  the  graphs. 
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The  abscissa  was  kept  linear  due  to  the  small 
range  of  the  discharge  values.  Non-intersecting 
functions  would  demonstrate  more  clearly  that  a 
next  higher  discharge  threshold  value  has  to  be 
exceeded  for  the  next  larger  grain-size  class  to  be 
set  into  motion.  However,  more  data  are  needed 
to  prove  this. 

The  results  of  this  study  show,  comparable  to 
the  analyses  of  the  percentiles  in  Section  5.5.3.1, 
the  discharge  dependency  of  transported  grain- 
size  spectra.  Selective  transport  of  coarse  bedload 
sediments  could  therefore  be  confirmed  for 
Squaw  Creek  by  both  methods. 

In  his  discussion  of  Bunte  (1992),  Komar  (1992) 
also  carried  out  a  particle  transport  analysis  for 
his  data  set  from  Oak  Creek  which  he  had  used  in 
his  previous  studies.  Komar's  results  regarding 
the  discharge  dependency  of  initial  motion  and 
the  transported  grain  sizes  agree  with  those  from 
Squaw  Creek.  The  discrepancy  between  the  re- 
sponse of  the  grain-size  distributions  to  increasing 
flow  at  Oak  Creek  (Komar  and  Shih  1992)  and  at 
Squaw  Creek  (Bunte  1992a)  has  been  eliminated. 
The  particle  transport  analysis  makes  it  possible 
to  compare  grain-size  spectra  from  any  gravel 
populations,  irrespective  of  grain-size  truncations 
or  internal  distribution  irregularities. 

5.5.7  Grain-size  composition  of  bedload  during 
various  transport  rates 

The  scatter  in  the  relations  between  fractional 
particle  transport  rates  and  discharge  (fig.  5.33, 
Section  5.5.6)  is  large.  The  hypothesis  is  that  the 
composition  of  bedload  might  be  affected  by  the 
intensity  of  the  transport,  or  that  certain  grain-size 
fractions  are  transported  preferentially.  The  inves- 
tigation started  by  plotting  particle  transport  rates 
(particles/m-min),  individually  for  each  grain- 
size  class,  versus  the  total  bedload  transport  rate 
(g/m-s)  of  the  respective  sample  (fig.  5.34).  Power 
functions  were  fitted  through  the  data  sets  of  each 
grain-size  class  and  combined  in  the  last  plot  of 
Figure  5.34.  Compared  to  the  relations  between 
particle  transport  rates  and  discharge  (fig.  5.33), 
data  scatter  much  less  in  their  relations  between 
fractional  particle  transport  rates  and  total  bed- 
load  transport  rates. 

In  the  medium  pebble  range  (22.4  -  45  mm), 
the  number  of  particles  transported  per  grain-size 
class  per  meter  and  minute  increases  very  regu- 
larly with  the  total  bedload  transport  rate.  Scatter 
occurs  in  the  relations  between  particle  transport 
rates  and  total  bedload  transport  rates  for  both  the 
smaller  and  the  larger  gravel  sizes.  The  number  of 


medium-sized  pebbles  (22.4  -  45  mm)  within  a  cer- 
tain total  bedload  transport  rate  is  well 
predictable,  while  the  number  of  the  smaller  and 
larger  pebbles  is  more  variable. 

The  parallelism  of  the  regression  functions  in 
the  last  partial  plot  in  Figure  5.34  shows  that  gen- 
erally, the  number  of  transported  particles  per 
grain-size  class  increases  regularly  with  increas- 
ing bedload  transport  rates.  The  distance  between 
the  regression  functions  increases  for  higher 
grain-size  classes.  This  means  that  the  grain-size 
distributions,  or  the  decrease  of  fractional  particle 
transport  rates  with  increasing  grain-size  (fig. 
5.32),  can  be  described  by  an  exponential  function. 
The  number  of  transported  particles  per  grain-size 
class  decreases  by  a  factor  of  about  0.3  per  grain- 
size  class  within  the  three  smallest  gravel  classes. 
For  pebbles  and  cobbles  >  32  mm,  particle  trans- 
port rates  decrease  by  a  factor  of  2  -  4  from  one 
grain-size  class  to  the  next  larger  grain-size  class. 

Grain-size  classes  >  125  mm  could  not  be  in- 
corporated into  the  analyses  because  the  number 
of  sampled  particles  was  not  sufficient  for  a  statis- 
tical analysis.  It  can  however  be  assumed  that  the 
increase  of  particle  transport  rates  with  increasing 
flow  and  increasing  total  transport  rates  conforms 
to  the  regularities  demonstrated  in  Figures  5.33 
and  5.34. 

5.5.8  Temporal  variation  of  particle  transport 
rates 

Bedload  samples  taken  with  the  net-sampler 
in  2-hour  intervals  during  ordinary  snowmelt 
high  flows  of  5  -  6  m3/s  of  the  nights  of  May  23  - 
24  and  May  24  -  25,  in  1988  were  used  to  study  the 
temporal  variation  of  the  relation  between  frac- 
tional particle  transport  rates  and  total  bedload 
transport  rates.  The  timing  of  the  sampling,  the 
magnitude  of  bedload  transport  rates,  and  rough 
indications  of  grain-size  compositions  are  de- 
picted in  Figure  5.35.  Similar  to  fluctuating  signal 
rates  in  1986  (fig.  5.8),  highly  variable  bedload 
transport  rates  can  also  be  observed  for  the  high 
flow  in  1988,  especially  during  the  falling  limb  of 
flow  (fig.  5.35).  Figure  5.3  (Section  5.1.5)  shows  the 
strong  variation  of  bedload  transport  rates  with 
discharge.  The  question  arises,  whether  this  vari- 
ation of  bedload  transport  rates  during  unsteady 
flows  coincides  with  a  variation  of  the  transported 
grain-size  spectra.  The  unsteadiness  of  flow  is  by 
no  means  extreme,  as  discharge  ranges  only  be- 
tween 5.00  and  5.26  m3/s  during  the  first  night, 
and  between  5.58  and  5.73  m3/s  during  the  second 
night. 
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Figure  5.34  -  Increase  of  particle  transport  rates  of  7  size  classes  with  total  bedload  transport  rates.  The  plot  on  the  lower  right  shows 
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samples.  Symbols  are  further  explained  in  Section  5.5.8. 
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Data  plotted  in  Figures  5.3  and  5.35  were 
grouped  into  three  groups  according  to  discharge 
volumes  and  bedload  transport  rates.  Each  group 
was  assigned  a  signature.  The  numbering  of  the 
samplers  refers  to  the  numbering  in  Table  3a-b 
(Appendix)  and  Figure  5.32. 

Group  1)  Sequential  samples  taken  during  the 
night  of  May  23  -  24  during  rising  flow 
with 

Q:        5.00  -  5.26  m3/s; 
Qb:      0.29  -  9.25  g/m-s; 
sample  nos.:  5-10, 
signature:  • 

Group  2)  Sequential  samples  with  large  bedload 
transport  rates  taken  during  the  night  of 
May  24  -  25  on  rising  and  falling  flow  with 

Q:        5.58  -  5.73  m3/s; 

Qb:      41  -72  g/m-s; 

sample  nos.:  11,12,14,16, 

signature:  ■ 

Group  3)  Sequential  samples  with  small  bedload 
transport  rates  taken  during  the  night  of 
May  24  -  25  on  rising  and  falling  flow  with 

Q:        5.58  -  5.73  m3/s; 

Qb:      3  - 12  g/m  -s; 


sample  nos.:    10,  13,  15, 

signature:  ▲ 

All  other  bedload  samples  were  plotted  using 
the  symbol  O.  The  same  set  of  signatures  has  been 
used  in  Figures  5.33  and  5.34,  which  is  referred  to 
again. 

Bedload  samples  of  the  group  1  (•),  taken  con- 
secutively during  rising  flow,  do  not  show  much 
fluctuations  in  their  bedload  transport  rates,  nor 
in  their  grain-size  composition.  Among  particle 
transport  rates  of  small  pebbles  >32  mm,  only 
those  two  of  the  five  samples  with  the  highest  par- 
ticle transport  rates  plot  close  to  the  regression 
functions  which  relate  particle  transport  rates  of  a 
certain  grain-size  class  to  flow  discharge.  These 
regressions  indicate  the  average  capacity  of  flow 
to  transport  particles  of  different  size  classes  at 
Squaw  Creek.  The  other  three  samples  of  group  1 
plot  below  the  average  trend,  indicating  that  less 
bedload  material  than  the  average  capacity  of 
flow  is  transported  at  these  times.  This  systematic 
dearth  in  the  transport  rates  of  small  pebbles  (11.2 
-  32  mm)  cannot  be  observed  for  larger  pebbles 
and  cobbles.  Here,  particle  transport  rates  do  not 
deviate  systematically,  but  randomly  from  the  av- 
erage competence  of  flow. 

Particle  transport  rates  of  large  bedload  trans- 
port rates  taken  in  the  next  night's  series  of 
samples  during  higher  flows  (group  2,  ■)  corre- 
spond better  with  the  average  capacity  of  flow  to 
transport  a  certain  rate  of  particles  at  Squaw 
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Creek.  Particle  transport  rates  are  close  to  or 
slightly  above  the  regression  function.  This  means 
that  transport  rates  respond  in  general  to  the  aver- 
age capacity  of  flow.  Bedload  samples  of  group  3 
(A)  are  distinguished  from  group  2  by  their  gen- 
erally smaller  transport  rates.  In  all  partial  plots  of 
Figure  5.33  with  grain-size  classes  smaller  than 
cobbles  (<  64  mm),  triangles  (A)  plot  below  the 
regression  functions  indicating  that  less  particles 
than  given  by  the  capacity  of  flow  are  transported. 
This  lack  of  transported  particles  becomes  the 
more  prominent,  the  larger  the  pebble  sizes  (<  64 
mm).  Particle  transport  rates  of  cobbles  >  64  mm 
respond  only  in  one  of  the  three  samples  to  the 
predicted  amount.  The  other  two  samples  did  not 
transport  cobbles  at  all. 

Figure  5.34  is  used  to  study  whether  this 
dearth  of  particle  transport  rates  in  samples  with 
generally  small  transport  rates  is  restricted  to  cer- 
tain grain  sizes  or  whether  the  samples,  although 
their  transport  rates  are  small,  still  carry  an  even 
grain-size  distribution.  In  the  series  of  bedload 
samples  taken  during  rising  flows  with  little  fluc- 
tuations in  bedload  transport  rates  (group  1,  •) 
particle  transport  rates  of  the  smallest  grain-size 
class  (11.2  -  16  mm)  scatter  slightly  in  their  rela- 
tion to  total  bedload  transport  rates.  In  the  next 
larger  grain-size  class  (16  -  22.4  mm)  particle 
transport  rates  are  slightly  underrepresented.  Par- 
ticle transport  rates  of  all  other  grain-size  classes 
increase  regularly  with  increasing  bedload  trans- 
port rates. 

The  two  groups  of  samples  (■)  and  (A)  col- 
lected on  the  rising  and  falling  limb  during  the 
next  night's  higher  flows  show  their  difference 
also  with  respect  to  particle  transport  rates  and 
grain-size  distributions.  For  the  group  with  the 
large  bedload  transport  rates  (■)  particle  transport 
rates  follow  the  general  trend  of  the  regressions 
for  all  grain-size  classes.  Large  bedload  transport 
rates  always  exhibit  a  broad  and  symmetrical 
grain-size  spectrum.  Small  bedload  transport 
rates,  on  the  contrary,  have  generally  truncated 
grain-size  distributions  in  which  particle  trans- 
port rates  for  small  grain-size  classes  (11.2  -  32 
mm)  deviate  trendlessly  from  the  general  trend  of 
the  data.  Particle  transport  rates  for  medium 
grain-size  classes  (32  -64  mm)  of  group  3  are  also 
usually  less  than  indicated  by  the  general  trend. 
The  transport  rates  of  cobbles  are  either  as  high  as 
expected,  or  cobbles  are  not  transported  at  all. 

Competence  and  capacity  of  the  flow  increases 
as  the  discharge  rises.  Particle  transport  rates  of 
individual  grain-size  classes  increase  systemati- 
cally with  discharge.  Grain-sizes  are,  according  to 


the  competence  of  flow,  transported  selectively. 
At  the  onset  of  coarse  bedload  motion,  transport 
rates  fluctuate  only  to  a  minor  extent  (•).  As  dis- 
charge increases,  bedload  transport  rates  and  the 
number  of  transported  particles  per  grain-size 
class  continues  to  rise  and,  depending  on  the  force 
of  flow,  larger  and  larger  particles  become  part  of 
bedload.  Transport  continues  to  be  selective  with 
respect  to  flow  competence.  The  fluctuations  in 
the  amount  and  grain-size  composition  of  bedload 
becomes  more  eminent  for  large  flows.  This  en- 
forces an  increasing  scatter  in  the  statistical 
relations  between  bedload  transport,  or  particle 
transport  rates  of  various  grain-size  classes,  re- 
spectively, and  discharge. 

The  results  of  the  analyses  regarding  the  tem- 
poral variation  of  particle  transport  rates  can  be 
summed  up  as  follows: 

•  In  the  beginning  of  a  high  flow  wave  with 
moderately  high  discharges  particle  trans- 
port rates  are  generally  low  during  the 
night  of  May  23  -  24  (group  1,  •). 

•  As  a  larger  high  flow  wave  passes  the  fol- 
lowing night  of  May  24-25,  strong 
fluctuations  of  bedload  transport  are  espe- 
cially prominent  after  peak  flow  on  the 
beginning  of  the  falling  limb: 

o  Small  bedload  transport  rates  have  grain- 
size  distributions  with  variable  transport 
rates  of  small  particles  (11.2  -  32  mm). 
Cobbles  (>  64  mm)  are  only  temporarily 
part  of  bedload  transport,  and  medium 
pebble  sizes  (32  -  64  mm)  are  usually  un- 
derrepresented (group  2,  A). 

o  Large  bedload  transport  rates  on  the  crest 
of  the  bedload  waves  have  regular  parti- 
cle transport  rates  in  all  grain-size  classes 
(group  3,  ■). 

These  patterns  of  temporal  variation  of  bed- 
load  transport  rates  and  their  grain-size 
distribution  correspond  well  with  the  conceptual 
model,  introduced  in  Section  5.3.5  (fig.  5.14), 
which  describes  river  bed  adjustment  processes  in 
a  riffle  area  which  are  described  below. 

In  the  beginning  of  a  high  flow  wave  when 
discharges  are  still  small,  bedload  transport  rates 
are  low  and  relatively  steady.  Interactions  be- 
tween the  river  bed  and  the  hydraulic  forces  are 
limited  to  the  minor  exchange  of  small  gravels. 
Flow  forces  are  not  high  enough  yet  to  mobilize 
larger  material. 

Strongly  fluctuating  bedload  transport  rates 
with  variable  grain-size  compositions  indicate 
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vivid  interactions  between  hydraulics  and  the 
river  bed  when  daily  (or  better  "nightly")  dis- 
charges are  high.  Irregular  grain-size  spectra 
which  are  especially  variable  in  their  contribution 
of  small  pebbles  or  large  cobbles  are  transported 
during  low  transport  rates.  On  the  contrary,  high 
bedload  transport  waves  have  wide,  regular,  and 
untruncated  grain-size  spectra. 

When  transport  rates  are  small,  and  either  too 
fine  or  too  coarse,  bedload  transport  is  extremely 
selective.  The  selectivity  of  the  transported  grain- 
sizes  is  in  this  case  not  dominated  by  the  general, 
cross-sectional  average,  of  the  competence  of 
flow,  but  by  the  very  local  hydraulic  and  sedimen- 
tologic  conditions  at  a  nearby  sediment  storage. 
Depending  on  the  constellation  of  the  local  hy- 
draulics and  sedimentologic  conditions  on  the 
river  bed,  small  pebbles  are  not  erodible  when 
they  are  caught  in  the  interstices  of  the  larger 
rocks.  Small  pebbles  are  however  transported  in 
abundance  when  they  are  winnowed  out  from  the 
voids  at  the  stream  bottom  at  a  time  or  at  a  place 
where  local  forces  of  flow  temporarily  gain 
strength.  This,  in  turn,  exposes  the  large  clasts 
which  then  can  also  be  eroded  and  transported. 
The  medium  and  large  pebbles  are  only  involved 
in  these  interactions  of  hiding  and  exposure  to  a 
minor  degree,  since  they  are  too  big  to  be  trapped 
in  the  interstices,  but  small  enough  to  be  trans- 
ported easily  by  the  forces  of  flow  exerted  onto 
the  river  bed.  Small  pebbles  and  large  pebbles  or 
cobbles  interact  on  the  river  bed  and  either  hinder 
or  enforce  each  other's  mobility.  The  medium  peb- 
bles are  only  partially  involved  in  these 
interactions  and  are  therefore  transported  at  a 
more  even  rate. 

The  large  bedload  transport  rates  with  even 
grain-size  distributions  are  not  attributable  to  the 
relatively  minor  river  bed  adjustments  which  are 
induced  by  roughness  changes  within  the  surface 
layer.  Large  transport  rates  during  the  passage  of 
bedload  waves  are  probably  associated  with  ma- 
jor river  bed  adjustments  which  incorporate  more 
than  a  particle  exchange  just  at  the  surface  layer. 
Adjustment  activities  which  reach  to  deeper  lay- 
ers and  change  the  local  channel  form  mobilize 
relatively  large  amounts  of  sediment  which  is  de- 
rived from  material  from  the  coarser  surface  layer 
and  the  finer  subsurface  substrate. 

5.5.9  Results  and  conclusions 

Little  is  known  about  the  processes  that  lead 
to  a  temporal  and  spatial  variation  of  bedload 
transport  rates  and  their  grain-size  distributions 


in  mountain  streams.  It  is  still  methodologically 
difficult  to  measure  the  relevant  processes  and 
current  techniques  of  coarse  bedload  transport 
analysis  still  need  to  be  improved  and  stand- 
ardized. Analyses  of  bedload  transport  material 
collected  during  ordinary  snowmelt  high  flow 
conditions  with  a  3-inch  Helley-Smith  and  a  spe- 
cial net-sampler  at  Squaw  Creek  show  the 
following  results  and  lead  to  following  conclu- 
sions: 

Coarse  material  bedload  transport  at  the  meas- 
uring site  on  the  downstream  end  of  a  pool-like 
section  is  confined  to  a  width  of  a  few  meters  in 
the  central  part  of  the  stream  around  the  thalweg. 
Sand  can  be  transported  over  the  entire  width  of 
the  stream,  although  the  largest  transport  rates 
also  occur  in  the  central  part  of  the  cross-section. 

The  shift  in  bedload  grain-size  distribution 
from  predominantly  sandy  samples  in  the  begin- 
ning of  the  annual  high  flow  to  predominantly 
gravelly  samples  later  on  in  the  high  flow  shows 
that  the  transported  grain-size  spectrum  not  only 
responds  to  the  current  forces  of  flow,  but  is  also 
dependent  on  the  "history"  of  flow  which  affects 
the  current  sedimentological  conditions  of  the 
river  bed.  This  has  implications  for  flow  compe- 
tence analyses.  Only  bedload  samples  collected 
under  similar  conditions  regarding  channel  bot- 
tom roughness  and  sediment  supply  can  be  used 
for  such  analyses. 

The  results  of  standard  grain-size  analyses 
show  that  bedload  grain-size  distributions  col- 
lected during  ordinary  snowmelt  high  flows  at 
Squaw  Creek  are  strongly  dependent  on  dis- 
charge volume.  Bedload  therefore  occurs  as 
selective  transport.  Unless  a  sediment  storage  is 
tapped  (e.g.,  by  a  log-jam  burst)  and  releases  un- 
usual amounts  of  transportable  gravels,  the  state 
of  equal  mobility  will  be  reached  at  Squaw  Creek 
during  very  large  flows  only,  after  even  the  larg- 
est clasts  of  the  channel  bottom  have  become 
mobile.  This  will  probably  require  extreme  high 
flow  events  which  will  cause  a  drastic  change  in 
the  channel  morphology. 

Standard  methods  of  grain-size  analyses  (e.g., 
percentiles,  Folk  and  Ward  1957),  only  provide 
comparable  results  for  coarse  bedload  samples 
when  samples  are  part  of  the  same  population. 
This  means  that  samples  need  to  have  been  taken 
under  similar  sedimentological  and  technical  con- 
ditions in  the  same  or  a  very  similar  stream.  The 
analysis  of  particle  transport  rates  is  not  restricted 
to  such  conditions. 

The  analysis  of  particle  transport  rates  which 
refer  to  both  the  competence  as  well  as  the  capac- 
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ity  of  flow  (i.e.  the  amount  and  grain-size  distri- 
bution) provides  some  indirect  information  of  the 
processes  on  the  river  bed.  Together  with  infor- 
mation derived  from  various  prior  analyses  (the 
temporal  variation  of  bedload  transport,  various 
kinds  of  bedload  waves,  rudimentary  insights 
into  changes  in  channel  form  and  roughness  and 
local  flow  hydraulics,  and,  last  but  not  least  the 
coincidence  of  changes  in  water  surface  slope  and 
bedload  waves),  a  lively  picture  can  be  developed 
that  combines  observed  phenomena  and  inferred 
results  and  shows  how  bedload  transport  could 
work  at  streams  like  Squaw  Creek. 

Transport  rates  of  samples  taken  during 
flows  just  above  the  critical  discharge  of  coarse 
bedload  transport  are  generally  small.  Trans- 
ported grain-size  distributions  are  very  irregu- 
lar (samples  no.  21,  22,  24,  and  25).  This  random 
transport  of  individual  particles  can  be  ex- 
plained by  the  effects  of  hiding  and  exposure 
which  allows  particles  to  be  transported  easily 
when  they  are  exposed  to  flow.  As  discharges 
increase,  particle  exchange  and  adjustment  proc- 
esses are  initiated  at  the  river  bed.  Bedload 
transport  rates  increase  with  flow  and  bedload 
waves  are  only  small.  Particles  sizes  are  trans- 
ported selectively  in  accordance  with  the  com- 
petence of  flow. 

Larger  flows  during  snowmelt  bring  with 
them  strong  fluctuations  of  bedload  transport 
rates  with  variable  grain-size  distributions.  The 
interpretation  of  this  temporal  variability  of  bed- 
load  transport  rates  and  their  grain-sizes  corre- 
sponds well  to  the  conceptual  model  (Section 
5.3.5)  that  describes  the  adjustment  processes  on 
the  river  bed. 


When  bedload  transport  rates  are  small  dur- 
ing fluctuating  transport,  their  grain-size 
distributions  are  irregular.  Cobbles  (>  64  mm)  can 
be  completely  missing,  while  fine  gravels  (11.2  - 
32  mm)  are  either  under-  or  over  represented. 
Transport  rates  in  the  medium  pebble  range  are 
generally  small.  This  kind  of  transport  phenom- 
ena indicate  minor  river  bed  adjustments  which 
are  attributable  to  changes  in  the  roughness  of  the 
river  bed. 

Major  bedload  waves  have  high  particle  trans- 
port rates  in  all  grain-size  classes.  A  wide  and 
complete  grain-size  spectrum  is  transported.  This 
kind  of  bedload  transport  indicates  major  adjust- 
ment processes  which  are  not  limited  to 
roughness  changes  at  the  surface  layer,  but  extend 
to  changes  in  the  channel  form  which  involves 
subsurface  material  as  well. 

The  processes  of  coarse  material  bedload  trans- 
port in  mountain  streams  cannot  be  inferred  from 
the  analysis  of  grain-size  distributions  and  bedload 
transport  rates  alone  without  incorporating  other 
parameters  that  influence  bedload  transport.  Bed- 
load  transport  is  a  partial  aspect  of  the  fluvial 
interactive  system  that  includes  the  channel  mor- 
phology and  roughness,  the  hydraulic  conditions, 
and  sediment  transport  which  results  from  the  ad- 
justment activities  between  the  solid  and  the  fluid 
components.  New  conceptual  models  are  required 
to  explain  the  dynamics  of  the  fluvial  system  within 
the  reach  scale.  New  measurement  techniques  are 
needed  to  register  fluvial  processes  in  high  tempo- 
ral and  spatial  resolution.  These  data  sets  can  then 
be  used  to  verify  the  conceptual  models  or  to  prove 
them  wrong. 
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6.  Summary 


Temporal  variations  of  coarse  material  bed- 
load  transport  rates  and  their  grain-size  distribu- 
tions result  from  interactions  and  adjustments 
between  the  hydraulics  of  flow  and  the  sedimen- 
tological  and  morphological  conditions  of  the 
river  bed.  Since  these  interactions  are  quite  com- 
plex and  appropriate  measurement  techniques  are 
usually  not  available,  little  is  known  about  the  dy- 
namics of  bedload  transport  in  mountain  streams. 

New  measurement  techniques  were  devel- 
oped at  Squaw  Creek,  and  these  techniques 
facilitated  detailed  investigations  of  the  tempo- 
ral variability  and  grain-size  distribution  of 
coarse  material  bedload  transport  and  of  some 
of  the  parameters  affecting  it.  Field  measure- 
ments were  carried  out  during  snowmelt  high 
flows  in  1986  and  1988  at  Squaw  Creek,  a  gravel- 
bed  mountain  stream  in  Montana,  USA.  The 
analyses  presented  in  this  study  are  based  on  a 
rather  large  array  of  time  series  and  individual 
measurements  of  various  parameters  measured 
by  several  techniques: 

6.1  Measured  Data  Sets 

6.1.1  Bedload  transport 

Continuous  registration 

•  signal  rates  of  coarse  bedload  transport  (1986):  A 
17-day  time  series  in  1-hour  resolution  and  a  3-day 
time  series  in  5-minute  resolution  (magnetic  tracer 
technique) 

Sequential  bedload  samples  in  2-  3-hour  inter- 
vals 

•  bedload  transport  rates  and  grain-size  distribu- 
tions (1986  and  1988)  (large  net-sampler) 

Individual  bedload  samples 

•  bedload  transport  rates  and  grain-size  distribu- 
tions (1986  and  1988)  (large  net-sampler  and 
Helley-Smith  sampler ) 

6.1.2  Hydraulic  Parameters 

Continuous  registration 

•  hydrographs  (1986  and  1988)  (stage  recorder) 
Sequential  measurements  in  2-  3-hour  intervals 

•  local  water  levels  (1986  and  1988)  (stage  readings) 


•  water  surface  slopes  (1986  and  1988)  (stage  read- 
ings in  water  level  tubes) 

•  flow  velocities  (1986  and  1988)  (several  current 
meters) 

Individual  measurements 

•  local  water  levels  (1986  and  1988)  (stage  readings) 

•  water  surface  slopes  (1986  and  1988)  (stage  read- 
ings in  water  level  tubes) 

•  flow  velocities  (1986  and  1988)  (several  current 
meters) 


6.1.3  Channel  Geometry 

Sequential  measurements  in  2-  3-hour  intervals 

•  temporal  and  spatial  variation  of  cross-sectional 
topography  (1988)  ("Tausendfufiler"  profile  meter) 

•  indirect:  temporal  variation  of  water  surface  slopes 
(1986  and  1988)  (stage  readings  in  water  level 
tubes) 

Individual  Measurements 

•  Two  topographic  stream  surveys  (1986  and  1988) 
(theodolite  and  transit  surveyor's  level) 

Many  of  these  data  sets  could  not  have  been 
obtained  without  the  development  or  special  ad- 
justment of  measuring  techniques  to  match  the 
conditions  at  Squaw  Creek. 


6.2  Measuring  Techniques 
6.2.1  Magnetic  Tracer  Technique 

The  magnetic  tracer  technique  was  especially 
designed  for  the  investigations  at  Squaw  Creek 
and  constructed  by  Spieker  (1988).  The  electronics 
detect  the  passage  of  naturally  magnetic  pebbles 
and  cobbles  over  a  detector  log  and  register  sig- 
nals from  particles  with  magnetic  field  strength 

>  40  gamma.  Such  particles  are,  statistically  seen, 

>  32  mm.  The  transport  of  44%  of  the  magnetic 
bedload  can  thus  be  registered  at  the  measuring 
site  (Section  4.4.2).  Signal  rates  counted  from  the 
record  yield  a  time  series  of  bedload  transport 
unique  in  its  combination  of  length  and  resolution 
(Section  4.4.3). 
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6.2.2  Representative  Sampling  of  Coarse 
Material  Bedload 

Both  a  3-inch  and  6-inch  Helley-Smith  sampler 
were  found  to  be  inappropriate  for  sampling  peb- 
ble and  cobble  bedload.  The  net-sampler  consist- 
ing of  a  wooden  frame  and  a  fishing  net  was 
designed  to  fit  the  Squaw  Creek  site.  The  large 
orifice  of  0.3  m  by  1.55  m  representatively  samples 
even  the  largest  cobbles.  Samples  are  truncated  at 
11.2  mm  due  to  the  10  mm  mesh  width.  The  large 
mesh,  however,  kept  the  flow  forces  exerted  on 
the  sampler  at  a  maneuverable  level  (Section 
4.4.4). 

6.2.3  Water  surface  slope 

The  temporal  variation  of  the  theoretical  water 
surface  slope  (equaling  the  first  derivative  func- 
tion of  the  hydrograph)  and  the  actual  water 
surface,  measured  with  water  level  tubes  over  a 
riffle  reach  between  two  points  17.3  m  apart,  show 
a  discrepancy.  Given  the  conditions  at  the  meas- 
uring site,  these  deviations  can  be  interpreted  as 
variations  in  the  cross-sectional  channel  geometry 
(Sections  4.5.1  and  5.3.3). 

6.2.4  Measuring  Channel  microtopography  with 
the  TausendfuBler  Profiling  Device 

P.  Ergenzinger  and  T.  Berry  developed  and 
tested  a  profile  meter  designed  to  accurately  and 
repetitively  measure  a  cross-sectional  profile  of 
the  river  bed.  Consecutive  measurements  make  it 
possible  to  analyze  the  temporal  and  spatial  vari- 
ations of  channel  bottom  roughness  and  shape 
(Section  4.5.2). 

The  combination  of  the  results  from  the  vari- 
ous measurements  made  it  possible  to  indicate  the 
interactions  between  the  hydraulic,  sedimen- 
tological,  and  morphological  conditions  of  the 
stream  and  the  dynamics  of  bedload  transport. 

6.3  Relation  Between  Discharge  and 
Bedload  Transport 

All  formulas  used  to'  describe  bedload  trans- 
port are  based  on  the  assumption  that  a  strong 
relation  exists  between  bedload  transport  rates 
and  volume  of  flow.  Analyses  of  data  sets  from 
Squaw  Creek  do  not  support  this  hypothesis. 
Hourly  signal  rates  and  sequentially  sampled  bed- 
load  transport  rates  only  show  low  statistical 
correlations  with  flow  discharge  or  stream  power 


of  r2  =  0.6  (Section  5.1).  The  sequence  of  dis- 
charges, i.e.,  the  "history  of  flow"  has  a  strong 
impact  on  actual  bedload  transport  rates,  too,  as  it 
modifies  the  sedimentary  conditions  of  the  river 
bed.  Thus,  hysteresis  effects  occur  (Section 
5.2.1.3).  Not  only  the  amount  of  bedload  but  also 
its  grain-size  distribution  is  subject  to  the  hystere- 
sis effects.  Bedload  is  more  fine-grained  during 
the  first  days  of  an  annual  high  flow  than  bedload 
of  comparable  rates  sampled  during  the  same  dis- 
charge on  later  high  flow  days  (Section  5.5.2.2). 

A  prediction  of  bedload  transport  rates  from 
hydraulic  parameters  yields  acceptable  results 
only  when  using  time-averaged  data  to  predict 
daily  loads  (Section  5.1).  A  poor  statistical  relation 
between  instantaneous  flow  and  bedload  trans- 
port indicates  that  sedimentological  conditions, 
such  as  stream  roughness,  armoring,  bedforms, 
geometry,  morphology,  and  sediment  supply  play 
an  important  role  in  determining  bedload  trans- 
port rates  and  its  grain-size  distribution. 


6.4  Bedload  Waves:  Interaction  Between 
Flow  Hydraulics,  and  River  Bed  Conditions 

Combining  time  series  and  individual  meas- 
urements recorded  for  various  parameters  reveals 
some  insight  into  the  dynamics  and  interactions  of 
the  fluvial  system  within  the  reach  scale  at  Squaw 
Creek. 

Hourly  bedload  signal  rates  fluctuate  and 
show  wave  patterns,  which  are  repeated  in  a 
modified  way  during  many  of  the  daily  fluctua- 
tions of  flow.  A  primary  bedload  wave  (some- 
times twin-peaked)  tends  to  correspond  to  peak 
flow,  while  two  additional  bedload  waves  (secon- 
dary and  tertiary  waves)  occur  during  the  falling 
limbs  of  flow  (Section  5.3.2).  The  size  of  the  bed- 
load  waves  can  often  be  ascribed  to  antecedent 
conditions  of  flow  and  the  propagation  of  sedi- 
ment supplied  from  storage. 

A  higher  temporal  resolution  (5-minute  inter- 
vals) reveals  that  bedload  waves  disintegrate  into 
a  series  of  bedload  transport  pulses  (Section  5.4.1). 
Major  waves,  minor  waves,  small  waves,  and 
random  transport  can  be  distinguished  according 
to  the  wave  periodicity,  amplitudes,  duration  and 
discharge  (Section  5.4.1.4).  None  of  these  waves 
can  result  from  the  migration  of  bedload  sheets 
(Section  5.4.2.3). 

A  temporal  coincidence  between  changes  in 
channel  geometry  and  the  occurrence  of  bedload 
waves  can  be  shown  by  comparing  the  dynamics 
of  the  water  surface  slope  with  bedload  dynamics. 
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The  temporal  and  spatial  variations  of  the  water 
surface  elevation  seems  to  indicate  the  passage 
of  bedload  over  a  riffle  area,  starting  with  aggra- 
dation on  the  riffle  followed  by  degradation  and 
transport  to  the  pool.  A  bedload  wave  occurs 
soon  after  falling  water  levels  indicate  that  the 
pool  has  been  emptied  (Section  5.3.3). 

Temporal  and  spatial  variation  in  the  river 
bottom  roughness  and  form  could  be  related  to 
temporally  and  spatially  varying  shear  stress. 
Berry  (1988)  showed  for  a  cross-section  at 
Squaw  Creek  that  a  simultaneous  occurrence  of 
large  roughness  and  large  shear  stress  lead  to 
the  erosion  of  the  biggest  particles,  while  small 
shear  stresses  lead  to  a  smoothing  of  the  rough- 
ness by  accumulation  of  fines  in  interparticle 
voids  (Section  5.3.4). 

In  order  to  better  describe  the  adjustment 
processes  between  hydraulic  and  sedimentary  pa- 
rameters and  the  connection  of  these  adjustments 
with  the  temporal  variation  of  bedload  transport 
rates  and  their  grain-size  distributions,  the  results 
of  the  temporal  and  spatial  variations  of  channel 
roughness,  flow  hydraulics,  and  bedload  trans- 
port rates  were  combined  in  a  conceptual  model 
(Section  5.3.5).  The  temporal  variation  of  bedload 
transport  rates  and  their  transported  grain-size 
spectra  can  be  well  described  by  this  model.  In- 
cluding the  results  of  the  analyses  of  the  temporal 
variation  of  bedload  transport,  a  vivid  picture  can 
be  established  indicating  how  transport  rates, 
grain-size  distributions,  and  periodicity  of 
bedload  waves  can  act  together  as  shown  be- 
low. 

As  discharges  increase  during  the  rising 
limbs  of  daily  flows,  systematic  particle  ex- 
change and  adjustment  processes  are  initiated 
at  the  river  bed.  Transport  rates  increase  with 
flow  and  wave  activity  is  moderate.  Particles 
sizes  are  transported  selectively  in  accordance  to 
the  competence  of  flow.  The  higher  discharges 
around  daily  snowmelt  peak  flows  bring  with 
them  strong  fluctuations  of  bedload  transport 
rates  with  variable  grain-size  distributions. 
These  fluctuations  are  the  result  of  discontinu- 
ous adjustment  processes  between  spatially  and 
temporally  variable  conditions  of  flow,  rough- 
ness, and  channel  geometry. 

Major  bedload  waves  occur  around  peak 
flows  and  on  the  beginning  falling  limbs.  Parti- 
cle transport  rates  are  high  in  all  grain-size 
classes.  A  wide  and  complete  grain-size  spec- 
trum is  transported.  This  kind  of  bedload 
transport  indicates  adjustment  processes  that 
are  not  limited  to  roughness  changes  at  the  sur- 


face layer  but  extend  to  changes  in  the  channel 
form  that  involves  subsurface  material  as  well. 
When  bedload  transport  rates  are  small  during 
this  fluctuating  transport  (wave  troughs),  their 
grain-size  distributions  are  irregular.  Cobbles  (> 
64  mm)  can  be  completely  missing,  while  fine 
gravels  (11.2-32  mm)  are  either  under-  or  over- 
represented.  Transport  rates  in  the  medium 
gravel  range  are  generally  small.  This  kind  of 
transport  phenomena  indicate  minor  river  bed 
adjustments  that  are  attributable  to  changes  in 
the  roughness  of  the  surface  layer.  Depending 
on  local  conditions  of  flow  and  roughness,  the 
river  bottom  becomes  alternatively  smoother  of 
rougher,  which  in  the  erosional  phase  is  accom- 
plished by  a  selective  removal  of  either  fine 
gravels  from  interstices  or  exposed  large  parti- 
cles. 

Bedload  waves  classified  as  minor  (with  a 
5-6  hour  recurrence)  and  as  small  (1-hour  recur- 
rence) are  mostly  observed  during  the  falling 
limbs  (Section  5.4.1)  when  flows  gradually  de- 
cline. These  waves  are  interpreted  as  minor 
adjustment  processes  between  flow  and  the 
river  bed. 

Flows  that  just  exceed  the  critical  discharge 
of  gravel  transport  produce  low  transport  rates 
with  irregular  grain-size  distributions.  The  ef- 
fects of  hiding  and  exposure  allows  individual 
particles  to  be  transported  when  exposed.  This 
produces  a  random  transport. 


6.5  Particle  Transport  Rates: 
An  Alternative  Method  to  Analyze  Bedload 
Transport  and  Its  Grain-size  Composition 

Results  of  standard  grain-size  analyses  can 
only  be  compared  if  samples  cover  a  similar 
grain-size  range  and  similar  distributions.  Sedi- 
ment samples  taken  with  different  techniques  at 
different  streams  differ  in  their  grain-size  range 
and  distributions.  Parameters  like  "sorting"  and 
"skewness"  as  well  as  the  grain  sizes  of  the  per- 
centiles can  show  identical  numbers  for  different 
grain-size  distributions.  The  analysis  of  particle 
transport  rates  developed  in  this  thesis  and  sup- 
ported by  Komar  (1992)  is  free  of  such  restrictions 
and  facilitates  unproblematic  comparability  of 
coarse  grained  sediment  samples  (Sections  4.4.5.2, 
5.5.4,  and  5.5.5).  Particle  transport  analyses  com- 
bine the  analyses  of  both  the  capacity  and  the 
competence  of  flow. 
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6.6  Selective  Transport  or  Equal  Mobility? 

The  dependency  of  the  grain-size  distribu- 
tion on  discharge  (selective  transport)  was 
proved  for  an  ordinary  snow-melt  high  flow  with 
a  1-2  year  recurrence  interval  at  Squaw  Creek: 
grain-size  spectra  transported  become  coarse  with 
increasing  flow.  Static  and  discharge  independent 
grain-size  spectra  approximating  the  grain-size 


distribution  of  the  river  bottom  (equal  mobility) 
will  be  transported  at  Squaw  Creek  only  during 
extreme  flow  events  that  also  drastically  change 
the  channel  morphology  (Sections  5.5.3  and  5.5.6). 
The  larger  the  amount  of  transportable  sediment 
available  to  flow,  the  smaller  the  range  of  flow 
between  selective  transport  and  equal  mobility.  A 
wide  range  of  flow  needs  to  be  passed  in  steep 
mountain  streams  before  selective  transport  can 
switch  to  equal  mobility. 
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8.  Appendix 


Table  2.  Squaw  Creek  1986:  discharge,  total  bedload  transport  rates,  and  fractional  bedload  transport  rates 
for  3  grain  size  classes  (sand,  small  gravels,  and  medium  gravels)  sampled  with  the  Helley-Smith 
sampler.  
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6-  2 

9:50-10:15 

13 

5.51 

2.06 

1.35 

0.71 

0.00 

19:05-20:05 

14 

5.99 

5.74 

3.01 

0.72 

2.01 

6-3 

9:20-  9:45 

15 

5.33 

4.27 

1.81 

1.49 

0.97 

6-4 

18:45-19:15 

16 

5.06 

0.94 

0.69 

0.25 

0.00 

6-  6 

17:15-17:35 

17 

5.57 

4.89 

2.08 

1.10 

1.71 

+ Discharge;  *Total  bedload  transport  rates;  *Grain-size  range  in  mm 
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Table  3a.  Bedload  samples  from  the  net-sampler  (1988):  percentiles  and  grain-size  parameters  according  to  Folk  and  Ward  (1957). 


Percentiles  (0)  Dmax      sort*     skew*  Qb#      Q  + 

Date   Time       No.         <J>95        084        075        050        025        <))16         05  0        (Folk  &  Ward)    g/s  m  m3/s 


5-20 

18:53-19:05 

3 

-5.65 

-5.53 

-5.43 

-5.04 

-4.52 

-4.37 

-3.97 

-5.5 

0.54 

0.21 

1.18 

4.74 

5-22 

21:01-21:30 

4 

-5.72 

-5.62 

-5.58 

-5.30 

-4.63 

-4.26 

-3.60 

-5.5 

0.66 

0.57 

0.43 

4.92 

5-23 

19:43-20:45 

5 

-5.73 

-5.60 

-5.55 

-5.13 

-4.68 

-4.15 

-3.65 

-5.5 

0.68 

0.39 

0.29 

5.00 

" 

21:05-22:05 

6 

-6.18 

-6.07 

-6.01 

-5.42 

-4.90 

-4.52 

-3.86 

-6.0 

0.74 

0.25 

1.47 

5.09 

" 

22:32-00:00 

7 

-6.58 

-6.05 

-5.85 

-5.50 

-5.05 

-4.80 

-4.30 

-6.5 

0.66 

0.07 

6.80 

5.26 

5-24 

00:50-  1:22 

8 

-6.58 

-6.32 

-6.15 

-5.73 

-5.15 

-4.86 

-4.29 

-6.5 

0.71 

0.22 

2.31 

5.17 

1:48-  2:37 

9 

-6.60 

-6.42 

-6.17 

-5.66 

-5.18 

-4.93 

-4.87 

-6.5 

0.73 

0.09 

9.25 

5.17 

19:53-20:05 

10 

-5.67 

-5.56 

-5.52 

-4.91 

-4.26 

-3.95 

-3.61 

-5.5 

0.71 

0.23 

8.10 

5.66 

22:18-22:34 

11 

-7.05 

-6.32 

-5.95 

-5.43 

-4.91 

-4.65 

-4.04 

-7.0 

0.87 

0.07 

41.7 

5.73 

5-25 

1:15-  1:25 

12 

-7.08 

-6.46 

-6.16 

-5.61 

-5.11 

-4.85 

-4.29 

-7.0 

0.83 

-0.05 

50.5 

5.73 

" 

2:54-  2:59 

13 

-6.65 

-6.53 

-6.44 

-6.05 

-5.34 

-5.06 

-4.52 

-6.5 

0.69 

0.39 

11.9 

5.66 

4:58-  5:04 

14 

-6.57 

-6.19 

-5.93 

-5.58 

-5.15 

-4.91 

-4.35 

-6.5 

0.66 

0.08 

45.2 

5.66 

7:14-  7:19 

15 

-5.58 

-5.23 

-4.95 

-4.63 

-4.18 

-3.95 

-3.47 

-5.5 

0.64 

0.07 

3.25 

5.58 

9:04-  9:09 

16 

-7.11 

-6.83 

-6.44 

-5.58 

-4.95 

-4.60 

-3.97 

-7.0 

1.03 

-0.05 

72.2 

5.58 

5-29 

21:44-21:54 

17 

-6.43 

-6.05 

-5.86 

-5.83 

-4.40 

-3.95 

-3.64 

-6.5 

0.95 

0.30 

21.4 

5.42 

5-30 

1:16-1:32 

18 

-6.32 

-6.08 

-5.86 

-5.34 

-4.86 

-4.58 

-4.10 

-6.5 

0.71 

0.07 

28.2 

5.26 

15:04-15:09 

19 

-6.72 

-6.22 

-5.93 

-5.47 

-4.93 

-4.68 

-4.17 

-7.0 

0.77 

0.02 

187 

5.58 

5-31 

18:44-18:54 

20 

-4.79 

-4.78 

-4.68 

-4.60 

-4.52 

-4.25 

-3.58 

-4.5 

0.30 

0.58 

0.15 

4.47 

6-1 

11:10-11:38 

21 

-4.25 

-4.17 

-4.12 

-4.02 

-3.89 

-3.80 

-3.63 

-4.0 

0.18 

0.19 

0.04 

4.29 

22:36-23:07 

22 

-4.70 

-4.60 

-4.55 

-4.42 

-4.25 

-4.17 

-4.02 

-4.5 

0.21 

0.27 

0.04 

4.29 

6-5 

21:40-21:58 

23 

-5.60 

-5.44 

-5.23 

-4.75 

-4.27 

-4.07 

-3.75 

-5.5 

0.62 

0.04 

1.36 

5.17 

6-7 

15:31-15:57 

24 

-5.72 

-5.62 

-5.58 

-5.48 

-4.93 

-4.63 

-4.21 

-5.5 

0.48 

0.70 

0.72 

4.29 

6-8 

17:36-17:58 

25 

-5.26 

-5.18 

-5.15 

-5.06 

-4.83 

-4.58 

-4.25 

-5.0 

0.30 

0.60 

0.26 

3.90 

gravel  bar 

-7.60 

-6.85 

-6.30 

-5.40 

-4.40 

-3.94 

-3.00 

-7.5 

1.42 

0.02 

channel  bed 

-7.89 

-7.68 

-7.57 

-7.21 

-6.45 

-5.65 

-3.97 

-7.5 

1.10 

0.60 

+  Discharge;  #  Total  bedload  transport  rates;  *  Sorting  and  skewness  according  to  Folk  and  Ward  (1957) 
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Table  3b1.  Particle  transport  rates  (number  of  particles  transported  per  meter  width  and  minute),  calculated  for  bedload  samples 
from  the  net-sampler,  1988.  .  

Grain-size  classes  (mm)  Qb#  Q+ 

Date  Time  No.       11-16         16-22      22-32      32-45      45-64     64-90     90-125      125-180     g/s  m  m3/s 


5-20 

18:53-19:05 

3 

0.91 2 

0.927 

0.479 

0.240 

0.062 

l  .  I  o 

A  7  A 

5-22 

21 :01  -21 :30 

4 

0.479 

0.181 

0.1 21 

0.058 

0.043 

n  a  i 
U.4o 

A  QO 

5-23 

19:43-20:45 

5 

0.397 

0.090 

0.128 

0.029 

0.026 

J.UU 

21 :05-22:05 

6 

1 .163 

0.520 

0.318 

0.253 

0.068 

0.034 

1   A 1 

r  no. 
o.uy 

22:32-00:00 

7 

1 .748 

1 .998 

1 .709 

1 .182 

0.521 

0.055 

0.025 

o.oU 

oft 

5-24 

00:50-  1 :22 

8 

0.727 

0.521 

0.533 

0.260 

0.149 

0.051 

0.01 8 

O.I  ( 

1 :48-  2:37 

9 

3.1 1 2 

1 .856 

1 .728 

1 .381 

0.568 

0.1 50 

0.590 

y.^o 

0.1  1 

19:53-20:05 

10 

14.987 

6.168 

2.848 

1 .206 

0.435 

o.  I  U 

O.DD 

22:18-22:34 

1 1 

22.224 

14.089 

1 1 .232 

6.704 

2.338 

0.416 

0.101 

0.059 

41 . 1 

O./O 

5-25 

1:15-  1 :25 

12 

1 4.907 

12.674 

10.763 

7.496 

2.745 

0.707 

0.1 25 

0.096 

oU.o 

O./O 

2:54-  2:59 

1 3 

1 .505 

1 .451 

1 .659 

1 .064 

0.345 

0.261 

0.101 

1  1  .9 

a  cc 
O.DD 

4:58-  5:04 

14 

12.195 

9.272 

9.190 

7.607 

3.620 

0.516 

0.1 71 

45.2 

ODD 

7:14-  7:19 

15 

5.334 

3.386 

2.151 

0.21 4 

0.089 

3.25 

5.58 

9:04-  9:09 

16 

48.960 

24.816 

15.949 

9.363 

3.215 

0.668 

0.373 

0.184 

72.2 

5.58 

5-29 

21:44-21:54 

17 

40.481 

9.433 

4.876 

1.712 

1.436 

0.281 

0.038 

21.4 

5.42 

5-30 

1:16-1:32 

18 

13.078 

12.336 

8.418 

5.283 

1.290 

0.465 

0.025 

28.2 

5.26 

15:04-15:09 

19 

60.311 

68.160 

55.465 

28.609 

11.511 

1.988 

0.743 

0.061 

187 

5.58 

5-31 

18:44-18:54 

20 

0.205 

0.073 

0.204 

0.15 

4.47 

6-1 

11:10-11:38 

21 

0.184 

0.092 

0.04 

4.29 

22:36-23:07 

22 

0.022 

0.094 

0.024 

0.04 

4.29 

6-5 

21:40-21:58 

23 

2.051 

1.156 

0.785 

0.182 

0.046 

1.36 

5.17 

6-7 

15:31-15:57 

24 

0.189 

0.344 

0.172 

0.109 

0.081 

0.72 

4.29 

6-8 

17:36-17:58 

25 

0.037 

0.132 

0.108 

0.108 

0.26 

3.90 

+  Discharge;  #  Total  bedload  transport  rates; 


1 

Table  was  added  as  a  supplement  during  translation. 
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The  United  States  Department  of  Agriculture  (USDA)  prohibits 
discrimination  in  its  programs  on  the  basis  of  race,  color,  national 
origin,  sex,  religion,  age,  disability,  political  beliefs  and  marital  or 
familial  status.  (Not  all  prohibited  bases  apply  to  all  programs.) 
Persons  with  disabilities  who  require  alternative  means  for 
communication  of  program  information  (braille,  large  print, 
audiotape,  etc.)  should  contact  the  USDA  Office  of  Communications 
at  (202)  720-2791. 

To  file  a  complaint,  write  the  Secretary  of  Agriculture,  U.S. 
Department  of  Agriculture,  Washington,  D.C.  20250,  or  call  (202)  720- 
7327  (voice)  or  (202)  720-1127  (TDD).  USDA  is  an  equal  employment 
opportunity  employer. 
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